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¢ This report documents a step iun evolving advanced gas turbine engine
E compressor technology. While the demonstrated compressor performance
o fell short of the contractual targets, basic data are provided on the
k matching and performance of a small, highly locaded machine and are

E : considered to be useful as such. The results of this program will be
E . factored into future Eustis Pirectorate engine cycle analysis efforts,
g

0 ‘ , Robert A. Langwortl.y of the Propulsion Technical Area, Technology

% Applications Division served as project engineer for this effort.

R

e

>
«
<3
o
Iy
o
13
1
v
i
o
B

EUSTIS DIRFCTCRATE POSITION STATEMENT

DISCLAIMERS

designatec by other suthorized documents.

; commercial hardware or software.

DISPOSITION INSTRUCTIONS

SEE i i

Destroy this report when no longer needed. Do not return it to tha originator.

The findings in this report are not to be construsd es an official Department of the Army position unless so

|

¢

l

1

|

' V\(hen Government drawings, specifications, or other date are used for any purpose other thsn in connection

‘ , with a definitely related Government procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the Government may have formuiated, furnished,

’ or in any way supplied the said drewings, spacifications, or other data is not to be regsrded by implication or
otherwise as in any manner licensing the holder or any other person or corporation, or conveying any rights or

| permission, to manufacture, use, or sell any patented invention that may in any way be related thereto.

[

Trade names cit'd in this report do not constitute an official endorsemerit or spproval of the use of such

Pos

hiad

4
t
1
i
]
}
[
£

A |

it ik i e A S i

PRIy SR PRNY W2 0V AT TR N T ) AAAMAL e — -

N EeeM ] A Lt AR, . i ki, Y S L AL

2 ki B WL KA

SCHDY thdencatha




R B L
e v e .

LASSTEIED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

AD RUCTIONS
EPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
2. JOVT ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER
. & TITLE (and Subtitle) M
. | e ——
s !
;. ( é _AXIAL-CENTRLFUGAL COMPRESSOR ,PRDGRAM} ;
y A P =, = = !
T AUTHOR(S . CONTAACT ON GRANT NUWBER®)
‘ g T . N - /
:w ///, ) Lawrence W./Blair / A DAAJQIZ-H-C*#GSO L 8
3 »7‘ David J ; Taﬁ&aro ‘ ‘.J — i
: - §9. FERFORMI NAME AND AODRESS 10. FROGRAM ELEMENT, PROJECT, TASK §
s General Electric Company 2
3 Alrcraft Engine Group 62207A 1G162207AA7102
g 1000 Western Ave. 004EK ;
Lynn, Mass. 01910
: 11. CONTROLLING OFFICE NAME AND ADDRESS "
Eustis Directorate ( ¥
f U.S.Army Air Mobility R & D Laboratory - 3
1 Fort Eustis Directorate, Va, 23604 273 ;
: WONITORING AGENCY NAME & ADDRESS(I{ diiferent from Controiling Office) | 16. SECURITY CLASS. (of this report) ]
? ?
E Unclassified
’ Se. DECL ASSIFICATION/ DOWNGRADING

16. DISTRIBUYION STATEMENT (of this Report) F

Approved for public releage; distrjbution unlimited,

R ] , /‘ ) - "“"—..........._N__*_.... -
Mopp-o-ced Lz 7 T AET77

Lt g

sfr

o — - . . wer o -~ . /)

A el L2 A=
PR

7

GRrbcl P ¢ L%

18, SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverae alde if neceseary and identify by block number)

Axial-Centrifugal

Coupressors Instrumentation

Axial Stage Fabrication .

Centrifugal Stage Test a
N — A

20, ABSTRACT Wm on reverse side If necessary and identify by block number)
?r!e;;o t presents the component test results and analysis for Phases IIT,
I¥ and V of the 5-1b/sec axial-centrifugal compressor. Separate component

tests were carried out to evaluate the two-stage axial compressor, the centr’-

fugal compressor, and the combined axial-centrifugal compressor. Additional &‘
static blow tests were also conducted on the axiel an¢ centrifugal stage \ |

inlet guide vanes to determine their performance characteristics. )
DD, on'ss 1473 =oimiow = 1 WOV 8313 OnsoLETE UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS | JE (When Data Entered)

D

b e ol Yk b e m n kAR A e Al b St ot St KA M 42 T b tund ot 2R L ot s 50 D e o el ettt s maa i raﬁmﬂmﬂiﬂ&i b




~mra

UNCLASSTIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

20. Continued

e assembly procedure, buildup clearances, and test procedure are described
herein, as well as the instrumentation, data reduction procedure, and test
facilities. The test results are presented for all component tests carried
out in this program as well as for tests from a related centrifugal compressor
development program. The analysis of the test resuits are reported herein
as well as recommendations for future development programs.

This program demonstrated the feasibility of designing a 5-1b/sec, two-stage
axial-centrifugal compressor in the 15:1 pressure ratio class and provided
insight into the matching of axial~centrifugal compressors.

it B i K s i e M el SR i e B o e B Rk IR T I ) S "n‘g" bt

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

N

T TR R T R LT (I ST I e s 4y

St

T A

B D

PR

R I s T

i, il Ry

T

S e R TN

PR e Yy )

ernd B L etk o 1 E

R AR SR




T T I T e e e gy

AT o TS e e s WM

Rl S o o

) e TR i

R IO T DRI

CR iy

b

it

T e

iy

o)

gy

ot

EE T L et S et

S T

S

TR ST 2 P SN ST

Lo T v -
R R 7

dseeR L

PREFACE j

This axial-centrifugal compressor program was carried out for the Eustis
Directorate, U.S. Army Air Mobility Research and Development Laboratory
(Contract DAAJO2-71-C~0050, Task 1G162207AA7102) in five distinct phases:

1. Phase I - Parametric Study.

2. Phase 1I - Design.

3. Phase III - Fabrication and Test.
4. Phase IV -~ Evaluation.

5. Phase V - Redesign and Test.

This report presents the Phase III, IV, and V results of the fabrication,
evaluation, and test of the axial, centrifugal, and axial~-centrifugal
compressor configurations.

We wish to acknowledge other personnel in the General Electric Aircraft ,
Engine Group who have made significant contributions to this program:

A. Brooks as overall program manager, L.,H. King and A.C. Bryans on the

aerodynamic design, Dr. A.I. Bellin and his staff on the mechanical

design, and Roger Kress on the vehicle design and fabrication. In the
Evaluations and Test Operation we wish to recognize the Evendale Testing

under W.T. Martin, Jr. and the Lynn Testing under L. Ottaviano. We also

wish to thank Robert Langworthy of the Eustis Directorate for his timely
assistance and constructive guidance.
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INTRODUCTION ]

The trend in small gas turbine engine compressors has been in the direc-
tion of higher pressure ratios from fewer compressor stages., The U.S.
Army has sponsored exploratory research on small size, advanced tech-
nology axial and centrifugal compressor stages as well as analytical

i studies directed at matching high-pressure~ratio, single-shaft, axial-

‘ centrifugal comprassors. This program is directed at the design, fab-

i ¢ rication, and test of a 5-1b/sec axial-centrifugal compressor. The :

{ ‘ overall pressure ratio of 15:1 was designed with a two-stage axial P

' compressor followed by 2 contrifugal compressor.

? During this program separate axial and centrifugal component tests were
carried out followed by two combined compressor tests. Of prime impor-
tance in this program is the understanding of compressor matching to

i achieve best efficiency in the 60% power regfon. To attain this goal,

- complete variability of the axial compressor vanes was employed as

o well as intercompressor bleed. Recent advancements to obtain wider ‘ ]

! axial compressor flow range and higher centrifugal stage efficiency

‘ are incorporated by using casing treatment and diffuser vaneless

space bleed, respectively.

Lo The mechanical design includes considerations for a potential engine
application of this compressor while maintaining the flexibility =
required for a component development vehicle. A front shaft drive
capability has been factored into the design.

- The component development program was carried out in five phases.

The documentation of the initial parametric studies and design, Phases

( I and II, was completed as a separate design report.1 The design point
performance levels established in Phase II are shown in Tables 1 and 2
for the axial and centrifugal compressors, respectively. The overall
design point data are shown in Table 3. This report presents the results
for the Phase III and Phase V component iests and the Phase IV evaluation ;
of these data. Also included are the test results and analysis on a %
related centrifugal compressor prograu (CCV-II through CCV-V). The : ;
specific tests included In this report are as follows:

-

.  Axial Component Test (ACV). _
. Axial and Centrifugal Inlet Guide Vane Blow Tests. ,
. Centrifugal Component Tests (CCV-I to V). {
. Combined Axial-Centrifugal Component Tests (FCV-I and FCV-II). ; |

NV

E p 1. Blair, L.W., and Tapparo, D.J., AXTAL-CENTRIFUGAL COMPRESSOR PROGRAM -
' : PHASES I AND II, USAAMRDL TR-72-24, U.S. Army Air Mobility

‘ : Research and Development Laboratory, Fort Eustis, Virginia,

: : February 1973. CONFIDENTIAL.
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TABLE 1. AXTAL COMPRESSOR PERFORMANCE SUMMARY

Design
Ttem Point
QVERALL
Pressure Ratio 2.4967:1
Inlet Temperature -~ °R 518.688
Exit Temperature - °R 7G4, 85
Actual Enthalpy Rise -~ Btu/lb 44.752
Adiabatic Efficiency 0.8307
Polytropic Efficiency 0.8508
Intercompressor Duct Pressure Recovery 0.99575
INLET GUIDE VANE
Pressure Recovery 0.9939
STAGE ONE
Pressure Ratio 1.6082:1
Inlet Temperature - °R 518.69
Exit Temperature - °R 608,97
Actual Enthalpy Rise - Btu/1lb 21.651
Adiabatic Efficiency 0.8356
Polytropic Efficiency 0.8462
STAGE TWO
Pressure Ratio 1.5620:1
Inlet Temperature - °R 608,97
Exit Temperature - °R 704.85
Actual Enthalpy Rise - Btu/lb 23.101
Adiabatic Efficiency 0.8593
Polytropic Efficiency 0.8678

The axial component test, the CCV-~I centrifugal component test, and
the two inlet guide vane (IGV) blow tests were carried out at the

Evendale Aero Component Laboratory.

The other related centrifugal

tests and the combined compressor tests were completed at the Lynn

compressor test facilities.

May 1972 and concluded in January 1975.

These component tests were initiated in

Throughout this report, the illustrations refer to an acronym for the

compressor, ATACC, which stands for Advanced Technology Axial Centrifugal

Compressor.

et e a5 AT i S ke i st £ 0 At i ks kb BNt R 2 A a2 i B
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TABLE 2. CENTRIFUGAL STAGE PERFORMANCE SUMMARY

. B ST £
. T, T .

Rl i R P (O L T s L H I L

TR R T R

T TR TN TR S AT, YR A R SN T Ty T A e T SRR WA s

Design
Item Point
OVERALL
Inlet Total Pressure - psia 36.538
Inlet Total Temperatuze - °R 704.85
Exit Total Pressure - peia 220.44
Exit Static Pressure - psia 218.57
| Exit Total Temperature - °R 1265.69
{ o Corrected Inlet Airflow - 1lb/sec 2.34
x Actual Airflow - 1lb/sec 5.0
i ’ Corrected Speed -~ rpm 51800
‘ Actual Speed - rpm 60400
, Adiabatic Efficiency (total-to-total) .810
! E Adiabatic Efficiency (total-to-static) .805
: Pressure Ratio (total-to-total) 6.033
Pressure Ratio (total-to-static) 5.982
Polytrepic Efficlency (total-to-total) .8495
Specific Speed 71
IMPELLER
Tnlet Prewnirl - ft2/sec 22.0
Pressure Ratio (total-to-totai) 6.850
adiabatic Efficiency (total-to-total) .8838
5 Polytropic Efficiency (total-tc-total) . 9095
b Actual Enthalpy Rise - Btu/lb 139.354
Temperature Ratio 1.796
Impeller Slip Factor ‘Cq,/Ujp) .91
, Inpeller Wheel Speed - ft/sec 1992.2
5 Impeller “ip Radius - in. 2,780
: Blade Tip Metal Angle -~ deg 0
Numbe: of Blades 28/28
D.'FFUSEL
Total Pressure Loss (12/9¢) .193
Static Prezsure Recovery (Ap/q.) .795
Fxit Mach Number .112
Exit Flow Angle - deg 16.6
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TABLE 3. OVERALL PERFORMANCE SUMMARY
Derign

Item Point
Design Speed - rpm 60409
Design Airflow - 1b/sec 5.0
Pressure Ratio (total-to~total) 15.00
Pressure Ratio (total-to-static) 14.87
Adiabatic Efficiency (total-to-total) .787
Adiabatic Efficiency (total-to-static) .783
Inlet Temperature - °R 518.688
Exit Temperature - °R 1265.59
Enthalpy Rise - Btu/lb 184.1
Inlet Total Pressure - psia 14.696
Outlet Total Pressure - psia 220.44
Qutlet Static Pressure - psia 218.57
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PROGRAM CHRONOLOGY

The events of the axial-centrifugal compressor program occurred over a
45-month period of performance; due to the complex nature of this program
there was considerable interaction between the various tasks. The impact
of unexpected results or situations is also presented.

T it 5 i

The program was started in June 1971, and had five major phases.

At the end of the planned Phase V component test, the program was !
extended to conduct matching studies and to prepare recommendations j
for additional areas of investigation and test. Concurrent with
this compressor program, the contractor carried out a related centrifugal
compressor program; and these results are also presented herein.

A schedule of the major program tasks is shown *n Figure 1 with the
initially planned and actual milestones. At the conclusion of the 45
months of effort, this program was within 2 months of the proposed
schedule.

PHASE I - PARAMETRIC STUDY

The purpose of Phase I was to carry out a parametric study to finalize
the compressor design RPM and pressure ratio split. This was completed
slightly ahead of schedule in July 1971. The results of this study
were reported in the Phase I and II design report (see Reference 1).
Permission was granted in Phase I to order long lead time rotor forgings
and antifriction bearings.

PHASE II - DESIGN

This phase gecnerated the detailed mechanical and aerodynamic designs of
the axial and centrifugal compressors. These mechanical designs included
the structural analysis of the static and rotating parts as well as the |
detail and final assembly drawings. Since the design RPM was rather :
high (60,400 rpm), there was considerable design effort and design
review placed on the analysis of the compressor rotor system and its
associated mechanical drive. The aerodynamic design of the axial
compressor was based on existing technology for high tip speed
transonic axial compressors. The results of earlier company--sponsored
centrifugal compressor programs were the basis for the centrifugal
compressor design.
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PHASE III - FABRICATION

The fabrication of the axial compressor was completed on schedule. The
facility high speed drive system was successfully demonstrated in a no-
load test while the test vehicle for the axial compressor test (ACV) was
being assembled in the Evendale Aero Component Test Area.

& W R-TAWn YT

T

PHASE III - AXIAL COMPRESSOR TEST (ACV)

0 icrndbaatiob . e i

The axial test was started on schedule in the Evendale Cell A9E test
facility. The test vehicle operated successfully to 100X corrected speed
. (61,000 rpm) without any vibration problems. The compressor mapping and
: 4 stator schedule optimization proceeded normally for the first 36 hours
5 of test. At that time the strain gages on the aft bearing squirrel cage 3
i became increasingly noisy, so chip detectors were installed in the forward 1
1 and aft bearing oill scavenge lines as a precautionary measure. A
, possible explanation of this nolsy signal was a problem with the thrust
j ' bearing, but rollover checks did uot indicate any unusual noise from the
bearings. After three more hours of test, the noise level increcased in i
intensity on the aft squirrel cage strain gages, so the vehicle was shut :
down to inspect the chip detectors. Two small chips were found on the
aft sump chip detector, but they were not large enough to trigger the
! alarm circuit. These chips weve analyzed as M50 bearing material, which
| was a positive indication of a bearing beginning to fazil. The
| vehicle was pullad forward and the aft bearing was changed in the

test facility. A failure analysis of this bearing indicated one of
! the four oil jets had poor orientation, whicl was corrected. Also, 1
| the thrust loads were high but not excessive, so it was decided to
|

ERETRLA &, TR T T e ey o

TR YT ST L
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continue the testing at reduced thrust load and improved lube jet
orientation. This bearing design had a shallow design contact angle, f
i

EAmanib ol okl ol

hence little margin for overloads, so a longer term action plan was
i instituted to rework the spare bearings for a higher contact angle 3
; prior to any subsequent tests. No further bearing problems occurred x
. over the remainder of this development program. j
!

' |

|

|

While mapping various stator schedules at 100% corrected speed, the axial
compressor experienced a failure of the first stage rotor blades. An
investigation determined the cause of this failure to be high blade root
stresses coupled with marginal material properties. "he high blade
end-effect stresses had reduced the allowable vibrat stress margin, i
and material inclusions of manganese sulfide acted atigue nucleation [
sites. Experience on similar axial compressors ind.. :zed that this
mechanical <esign should be adequate, so the recovery plan was directed {
at lmproved materials using the present design. A triple vacuum melt

6=4 titanium material was contour-forged for the replacement rotors in-
stead of using the previous AM355 pancake-forged material. Furthermore, a
"superclean" AM355 material specificacion was instituted for use in future
v high mean strese rotor blades. All necessary axial test data was gathered
N prior to the failure, so a second axial test was not required. The
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egssential matching data and centrifugal inlet conditions were obtained
in this test, A total of 208 data readings were logged in the 48 hours
of testing.

PHASE III - IGV BLOW TESTS

The blow tests were conducted to determine the outlet conditions from
the axial and the centrifugal inlet guide vanes (IGV°'s). The axial IGV
blow test was delayed two months while replacement axial hardware was
being procured. The centrifugal IGV's simulated the residual swirl
from the axial compressor so these vane pressure losses and flow
angles were measured to confirm the design.

The axial IGV blow test was completed in December 1973. Traverse
surveys were obtained in both the radial and circumferential directions
for various vane settings in order to more fully define the flow field
into the first stage rotor. A unique test apparatus was designed to
accomplish this task within the allotted funds,

PHASE III - CENTRIFUGAL COMPONENT TEST (CCV-I)

This test was carried out in the Evendale test facility (Cell A9E) in
April 1973 where a total of 108 data points were recorded in 23 hours

of testing. These test results were below the objective levels in ffi-
ciency, but the pressure ratio and flow range for the 5° open IGV setting
appeared adequate for matching with the axial compressor.

The CCV-1 centrifugal impeller had unusually high slip factors (approx
1.0) which accompanied below-design impeller efficiency. The diffuser
static pressure recovery was also low, but the impeller outlet flow
conditions were suspected as part of this lower recovery.

PHASE II1 - COMBINED COMPRESSOR TEST (FCV-I)

The first test of the strain-gaged combined compressor was started on
17 July 1973. This test acquired 99 data points in 12 test rumns
where data were acquired up to 1007 corrected speed. The stress
mapping for the axial compressor was conductad early in the test
program because of the expected limited life of the strain gages.

The test was carried out in the Lynn Small Engine Compressor Test
Facility because it had adequate power and capability for a slip ring
installation. After four test runs the strain gage lead wires were
refurbished at the rear terminus from the rotor. The fifth test run
completed the stress mapping of the rotors over the anticipated

range of stator schedules and corrected speeds. No serious stress
levels were noted during this testing. The inlet was refrigerated

at the 95% and 100% corrected speed conditions to lower the physical speed
so that the life of the rotor strain gage ingtrumentation would be
extended, and to reduce the mean blade stresses in the event high
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vibratory stresses were encountered during this test.

TT TN
«
~

The matching of the axial and centrifugal compressors required some
intercompressor bleed at higher speeds hecause of a reduced flow .
capacity iIn the centrifugal stage from the CCV-I component test ;
levels. The testing acquired data up to a total pressure ratio of g
14.34:1 at 100% corrected speed, but the efficiency was below pre-
dicted levels because of reduced performance in this centrifugal .
compressor, Opening the second stage stator vanes to load up the : 4

J centrifugal stage was not effective. After 67 hours of test a
peculiar compressor rotor vibration was encountered while operating at
90% corrected speed and an inlet temperature of 403°R. Since only rotor
traversing remained in this test program, it was decided to defer that

, test item to the next Phase V component test. The test vehicle final
balance levels and rotor runouts were normal at teardown, and no rubs

. : were detected. An investigation revealed the probable cause to be a

{ , partial loss of the rotor tie-bolt clamping while operating at a low

: . speed and a low inlet temperature. Future tests would include a higher

initial clamping load from the tie bolt to assure proper clamping at all
! : times. Subsequent tests did not incur any further vibration incidents.
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PHASE IV - EVALUATION

‘ : The analysis of the Phase III test results was carried out in Phase IV.
This phase also included design studies for the recommended redesigned
compressor which was tested in Phase V,

L 20 Ed aaredh b L)
o v, e AR

LS C 4 5

PHASE V - FCV-II COMPONENT TEST B 1

i . The CCV~I centrifugal impeller was cut back at the inducer leading edge j
F to improve the calculated inlet flow angles as determined from the axial ; g

: test traverse data. The diffuser throat area was also increased 6.47 for i
a greater flow capacity. This assembly did not require strain gages, but
it was decided to conduct most of the high speed testing at reduced inlet
pressure and temperature.

This test got under way on 13 December 1973, and 158 data points were 3
- acquired in 56 hours of test. All work items were completed, including i ;

the axial rotor traverse data and full corrected speed operation using i .
i ambient inlet conditiors., Additional traverse data were also obtained i ;
: in between the axial zad centrifugal compressors in order to define the i ;
, : ¢ interstage flow conditions in the presence of a centrifugal stage. i k
: 5 Previous Phase III axial IGV blow test data had indicated the need for i 1
traverse data in both the radial and circumferential directions because ; i

|

i of strong circumferential gradients resulting in dubious accuracy of a

, single radial traverse downstream of a stationary blade row. At the

| : end of the test, the axial rotor tip clearance was increased to determine
|

|

the effects of clearance on the axial stage performance. This clearance

27

{
L

N ket Lveclva T e e B T L T L I A T N P N T T N O S g Ty 20T T o



s

e s it o

- shift was achieved without disturbing the compressor installation which
was jmportant because of the small anticipated efficiency effects,

The performance testing of this compressor demonstrated a satisfactory
match of the axial and centrifugal stages without intercompressor bleed.
The machine was tested up to full speed, but the indicated efficiency
levels were not at predicted levels because of low performance in the
centrifugal stage,

To improve the centrifugal stage performance, the related centrifugal
compressor development program was scheduled to evaluate two design i
? { configurations toward the end of 1974. A new impeller was designed ;
using the flow conditions from the FCV~II Plane B traverse data. This
design incorporated a reduced impeller hub loading which was the sus-
pected area of high loss in previous designs (CCV-I, II, and III). .
In addition, a smooth shroud was incorporated to reduce the shroud ‘ 3
frictional heating which was suspected as a partial cause of the high i
slip factors observed during previous tests. A new diffuser was
designed with a 77 larger pilpe tangency circle to lower the »
Mach number in the quasi-vaneless section and to reduce possible ~ ]
interactions between the diffuser and the impeller tip. :

R e T T o R T = I TRy e e T W e N i
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PHASE V MATCHING STUDIES AND RECOMMENDATIONS f 3

W1 T TR TR TR S e e

The Phase V program was extended to carry out matching studies with the
redesigned centrifugal stage and to prepare recommendations for future
work. The redesigned centrifugal compressor program demonstrated a

: significant improvement in centrifugal stage efficiency and flow range.

E " This was especially evident in the CCV-V test where objective flow

’ { range and broad areas of peak efficiency were demonstrated. The

k impeller efficiency at the design corrected speed and airflow was 87.2%
at a pressure ratio of 7.05:1 versus the design objective of 88.47% at a
pressure ratio of 6.85:1. The matching studies indicated a 3.5-4.0 point
gain in typical operating line efficiency (see Figure 2) and resulted in
useable performance levels similar to other advanced compressors like the
2 AMRDL~P&W 10:1 pressure ratio centrifugal stage (see Reference 2).

Rk

H

A o =

v mm P il

The redesigned impeller appeared to perform reasonably well, but some
additional work could be carried out on pipe diffusers to reduce the
losses ahead of the diffuser throat. This is the high Mach mmber

region in the quasi-vaneless space where increased vaneless space bleed : )
during the CCV-V test produced markedly higher static pressure :
recoveries (Ap/(P - p), from the nominal level of 0.72 to a maximum ‘ i

! ' 2. Reeves, G.B.,, and Schweitzer, J.K,, MODIFIED CENTRIFUGAL
COMPRESSOR, USAAMRDL TR-74-96, U.S. Army Air Mobility

. Research and Development Laboratory, Fort Eustis, Virginia,
f; November 1974, ADA004002.
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would result in a combined compressor efficiency of about 77% at a
compressor pressure ratio of 15:1.

y 76

g ,
: 3
1 74 — ——] ]
¢ N O T :

E; 2 72 |
| S A\ ATACC FCU - 3 ESTIMATE %
N i X AIACC FCV - 2 TEST :
¥ _— T
- g 1
: 3
= 68 i
: . s/M = (P/R) Stall - 1,10 ]
T (P/R) 0O/L )
o 66 L 1 ]
. 5 6 7 8 9 10 n 12 13 14

: :

P OVERALL PRESSURE RATIO ]
| Figure 2. Compressor Performance at 10% Stall Margin. ]
’ .

L bleed level of 0.78 at an inlet Mach number of 1.28. Achieving this

E diffuser recovery at design vaneless space bleed is an objective 3
: for future programs, since it would result in an efficiency of 797 for

: the centrifugal stage at an overall pressure ratio of 6.1:1. This

In summary, this program demonstrated the feasibility of designing a
S5-1b/sec two-stage axial-centrifugal compressor in the 15:1 pressure
ratio class, and provided insights into the matching of axial-centrifugal
compressors. Other significant technical issues touched by this program
; were:

T

1. Stress-material properties interplay at the design limits. i é
oo 2. Design of high speed rotor and drive systems.

3. Impeller shroud surface finish.
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FABRICATION OF TEST HARDWARE

AXTAL,L COMPONENT TEST VEHICLE (ACV)

Hardware Mauufacturing

Except for the vane actuation hardware, the compressor parts for the
axial ¢ mponent test were machined from AM355 pancake forgings and bar
stock. The manufacturing technique used for the blisk and vane airfoils

5 {
P
E, |

‘ was a pantograph milling process which utilizes a larger scale model to é
P trace the airfoil shape. The 32-microinch surface finish was generated 1 2
Lo by hand polishing. ‘) 1

i Vane actuation hardware including lever arms, bushings, washers, and nuts

i for the IGV and Stage 1 vanes was obtained from other engine programs.
Actuation rings for the IGV and Stage 1 were manufactured irom box sec—

[ tion extruded 6061-T6 aluminium, while the Stage 2 actuation ring was 3

: machined from 321 stainless steel plate stock. a

T S Y e T v

Compressor Assembly

: Stator Assembly: The assembled compressor stator is shown in Figure 3.

¥ The Stage 2 vane tips were ground to length with the casing mounted at the
4 forward flange and rabbet. The aft flange surface and rabbet were indi- '
cated to verify the casing setup prior to grinding. The vanes were wrapped i
with polyvinyl chloride tubing to dampen vibrations generated by the
grinding process.

Vane angles were measured using a periscope-like device where the opera-
; tor rotates an eyepiece until a hairline is tangent to the airfoil at

i the tip. The rotational angle of the eyepiece is displayed on a digital
o readout which is initially zeroed by sighting on the casing split line.
A : The position where the vane angles are measured is determined by a

» close-fitting pin which is inserted through an actuator ring into a

- slot in the compressor casing. These pin positions were used during the
- test to verify and zero the vane angle readouts. Vane angle variation

1 in each stage was minimized by changing the actuator ring and casing

e e e
LA . 7 P

AP h Lk v AENT

concentricity using the adjusting screws and buttons. The amount of A

button adjustment was determined by a least-square error analysis of the : :

measured vane angles., Vane angle variations from average are presented ! ?
- below: i ]
. | | I :'
[ Stage Max Closed Max Open Standard Deviation 4
- :
o IGV 42" 52! 22" :
u 1 1°25' 1°35" 51" LM
- 2 1°55" 1°45' 57!
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The average angle relative to aerodynamic nominal at each of the posi-
tions was +0°2', -4°24', -9°41', -15°15", +5°18', +9°15', +14°45',

i
o i e + . Rk . et v »u.A-A

g
? ' ; The Stage 2 vane angle can be set to any one of seven fixed pin positions.
i ;

E

?

sl

E v - Rotor Assembly: The assembled compressor rotor is shown in Figure 4.
. The rotor 1s clamped together by a center tie Lolt (see Figure 5). To
obtain the desired preload in the tie bolt, it was first threaded hand- !

;
; j tight into position. A 1/2-inch-diameter heater was inserted to heat

) and elongate the hollow-ended tie bolt. It was then threaded an

E ' additional 1/3 turn and the heater removed. Tie holt preload was calcu- .

lated to be 6900 pounds based on a 0,013-inch measured tie bolt stretch.
Rotor compression due to the tie-bolt load was 0.005 inch.

R TAL. TR

The initial build of the rotor was made to determine the optimum relative
1 circumferential positions for the blisks and dummy impeller. Several
f positions were tried and runouts made with the rotor supported in
V-blocks at the forward bearing journal and dummy impeller aft flange.

The balance piston shaft was then added and runouts were minimized by in-
dexing this part relative to the dummy impeller. For these runouts the
rotor was supported at the forward and aft bearing journals. The
position producing minimum runouts was match marked and used in subse-

E _ quent assemblies. Final runout total indicator readings are presented
S in Figure 6.

2L Sl e A i ea s LSRR

PRI

» The Stage 1 and 2 blade tips were then ground to length in a lathe :

; equipped with a small grinder mounted on the carriage at the desired ]
blade tip angle. The amount of material removed was measured with a

{ height gage resting on the lathe bed. To determine the amount to be
ground, the rotor was set in the stator casing with the blade tips

' resting on the casing inside diameter. The axial position of the rotor

S relative to the stator was measured. The material removal required

| to obtain the blade tip angle with the desired clearance was calculated

‘i from the axial position.

|

After the blade tips were ground, the rotor was disassembled and each

plece was balanced separately. The compressor rotor assembly (consisting
of the blisks, dummy impeller, and tie bolt) was then balanced. Finally, :
the balance piston was added and the entire rotor assembly was balauced.

The final balance was made using slave bearing races at the forward and
aft bearings. The forward locknut, the spline adapter coupling, and the
| aft locknut were removed after balance for installation of the vehicle
bearings. The other rotor parts were not disassembled after balancing.

R A S et N
«

g7

All parts and assemblies were balanced to the limits of the balance
machine which was 0.10 gram-inch, The uncorrected unbalance of the final
rotor assembly was 0.04 gram at the forward end and 0.03 gram at the aft
end,
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Axial Ccmpressor Rotor Assembly.

Figure 4.
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Figure 5. Tie Bolt.
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.0000 IN. TIR .0000 IN. TIR
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Figure 6. Axial Compressor Rotor Assembly Runouts.
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Clearances

After completion of the tip grinding operation, clearances between the :
rotor blade tips and the compressor casing were measured by the ?
following three methods:

1. Measurement of the relative axial position between the rotor
and the stator with the blade tips touching the compressor
casing: The clearance is calculated from the difference
between the above axial position and the axial position set
at final assembly. Since Stage 1 contacted the casing before
Stage 2, the axial position was remeasured with shims between

the Stage 2 Llade tips and the casing to calculate the Stage 2
clearance.

For these measurements the rotor was automatically centered in
the casing. This setup could not be used to determine the
minimum clearances because the minimum clearance would be
affected by rotor-to-stator eccentricity. Subsequent wax
checks and split line shim checks established this eccentricity,

2, Wax check measurements: Four wax patches were put on each
casing half for both stages. The casing halves were
assembled and bolted into position and the rotor
was turned one complete revolution. The casing halves were
removed and the thickness of the wax patches was measured.

3. Split line shim check:. As eacl. casing half was removed for *
the wax measurement, the clearance of the other half was
measured with shim stock at the split line.

Clearance between the Stage 2 vane tips and the rotor was measured by
wax checks and split line shim checks as well as the diameter measure-
ments made during the tip grinding.

Results of the above clearance measurements are presented in Table 4,
while the cold and hot clearances are summarized in Table 5. Clear-
ances between the stator vanes and casing and shrouds are also pre-
sented in Table 5. These clearances were measured with the vanes in

the open position, The inlet guide vanes required benching to provide
adequate clearance with the compressor casing when the vanes were in the
full open position.

35

55

ot L o b M S

TR i 2 AR5, I e b BTt T

— o e b et e dh T asl s AN s bkt 5 » S oo cainben 5 PSP




- S

! R s

ST

e — Pt

G RNE Sk ek Tt S o - POt o i

Y

0T0°*

#TT0° - (°GI) purin e syoayd I9l3Werd

010° 010" AL 600° (*ur) @doueIRIT)
00:ZT 00:9 00:9 00:ZT (30079,0) uocIIEI0]
JTeH JTEH s}o°4) wWiysS 2uT1 ITTdAS
gursen 3391 3uise) IYSTyY
6800° 0010 §100° 0600°  0600° (*ur) 28p7 BurTrULl
$800° $§00° GL00° 0800° 0800° (°ur) °8py Surped]
00:0T 00°8 00:% 00:2 {3°072,0) uUOTILIO]
3ay JT®H ITEH SYoeu) XEM
gurse) 313927 guysed Y3ty
SANVA 7 JIVIS
8600° — (°Ur) }23y) uOTITSOd TBIXV
010° 010°* 010° 010° (°ur) @9surIE3)

00:9 00:2T

00:9  00:2T (12079,0) TOTIELIO]

Say  JT®H 3uyse) 3391

J1eH Bursed BTy s}o9y) wrys aur1 3ITTdS
(*ur) 28pg BurTreil
(*ur) °8p3 Burpee]
(°012,0) UOTIEBOOT]

- 6800° 600° OTO"  800°

$800° £00® 600" OT0* 600°
$600° 600° TIG® 600° - 800° 600° 0TO° O0T0° OT0°
00:Z1_00:6 003/ 009 00:9 O0€:% 00°€ OE:I 00%ZI
8ay JTeH 3uyse) 13°7 JTeH durse) Iysry

094 XeM
saavig ¢ I9IVIS

8600° - (°ut) J93Y) UOTITSOd TETXV

010° 010* O0T0° 010° 0T10° (*ur) 2oueIBaT)
00:ZT 00:9 00:9 0Q0:¢T (3100192,0) uor3Edc]
BAV JTeH JTeH syoay) wIys aurt 1TTdS
gurse) 131397 guyse) Y31y

80T0° 010° Z10° 110° 010° ¢0T0° O0T0° SGTIO*® (°ur) 28p3 SurTTeIl
7010° 600° T10*° 0T0°* 600° 0T0° - rA vk (*ur) °8pz Sirpell
00:ZT_  00:QT 00:f 00:9 009 QO 00:ZT (3[2012,0) uoraed07]

3ay FT®H Sursed 13°7] FTeR 3ursed 43Ty syoay) XeM
sIAVIE T FIVIS

SINAWTINSVAR FINVEVATO HOSSTYIW0D TVIXV "% FTEVI

36

TR I PP

PPPRIEY

|
3




e

T DT T | W T S R e M R e e W K T

R s o e e e Y

i a0

=

G a2l AR

Rhdn o o i id

E

e

g

Ay R Wt e Ema s e s s Lk s bt S bt e s admliana el 4r b < e

TABLE 5. AXIAL COMPRESSOR CLEARANCE SUMMARY
Change

Cold Cold - Hot Span Hot %C1/L
Stage Min Avg Min Avg Avg
(in.) (in.) (in.) (n.) (@{n.) ({n.) (@{Hn.)
R1 .00% .010 .0060 1.231 .0030 .0040 .32
R2 .0093 .010 .0065 875 .0028 .0035 .40
52 .009 .011 .0048 .763 .0044 .0062 .81
IGV (OD) - .0015 - 1.46 - .0015 .10
S1 (oD) - .0114 - .97 - .0114 1.18
sl (ID) - .0099 .0014 .97 - .C085 .88
s2 (oD) ~ .0095 - 75 - .0095 1,27

2 L

CENTRIFUGAL IGV BLOW TEST VEHICLE

This assembly was comprised of the following

the other component tests:

1. Inlet casing and vane assembly for CCV.

2, Dummy impeller shroud from ACV.

3. Dummy axial rotor for CCV.

4, Dummy impeller rotor for ACV.

hardware that was part of

5. Centrifugal inlet instrumentation from ACV.

6. Standard vehicle front frame, midframe, and inlet bellmouth.

An adaptor plate was also constructed to centrally mount the dummy rotors
from the impeller flange. The ~ssembled hardware 1s shown in Figure 7.
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“he buildup data for the vane assembly 1s presented in Tahle 6,

TABLE 6. CENTRIFUGAL COMPRESSOR CLEARANCE SUMMARY

Change
Cold Hot - Cold Span Hot %C1/L
Min, Avg Min. Avg Avg
Location (in.) (in.) (in.) (in.) (in.) (in.) (in.)
1GV .0070 .0080 .0035 .763  ,0035 L0045 .59
Impeller 0030 . 0050 . 0020 919 .0010 . 003 .33
Inlet
Impeller .0065 . 0075 . 0043 .210 . 0020 .0032 1.52%

the shroud during operation.
slight rub marks on the shroud.

* Touch probes on the impeller shroud indicated that the impeller rubbed

This was confirmed at disassembly by

AXTAL IGV BLOW TEST VEHICLE

The standard axial compressor casing was assembled with the replacement
This vane buildup is prrsented in the

vanes used for the FCV-I test.

FCV~I fabrication data (see Table 7).

The casing, front frame, and

inlet bellmouth were used with the instrumentation hardware described
in the IGV Blow Test instrumentation section to comprise the blow
test assembly shown in Figure 8.

TABLE 7. COMBINED COMPRESSOR CLEARANCE SUMMARY
Cold
Limits Dia Checks _Wax Checks __ _BHot
Min. Max Avg Avg Min. Avg Avg

Stage (in.) (in.) (in.) (in.) (in.) (in.) %C1/L
R1 .0141 .0171 .0152 . 0140 ,0143 .0080 .65%
R2 .0113 .0143 .0119 .0110 .0119 . 0046 .53%
S2 .0084 ,0114 .0120 .u085 - .0082 1.08%
IND .0054’ . 0094 - .0080* ,0085*% ,0064 .69%
*Shim Checks

39

B i, ot v L e

) e




bl ddadt poats y e 2 Jh e SRS L RA R R T Tl s r - ) M MR L Sl S S A

S e -aMo——

»
l
L
i
E
F
3
!
%
:
|
f
E
i
i
?

e

YA ACTURTOR

 SUVUIVVILITS

INDEX NG RING

|

i
i
1
!
i
|

PROBE

o a2 A om0 B Saiia. e s

e it

TN

Figure 8. Axial Blow Test Setup.

e e me e [ S SR Y TGO VI~ GPP PR L P SO ST P SUT IR ” SONRVUSENVN SR C A PN S - b TP AU T NI VR VPR LY rULE PG TR SISPRPPIIRRR T Y




~‘?F‘!‘m@@"wa TR N TR N AT R ™ T T R T T T B W T T N A o et o L Ty e
i~ ol v . . S SR | . !

E 4

|

§

o

CENTRIFUGAL COMPONENT TEST VEHICLE (CCV-I)
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Hardware Manufacturing

All of the centrifugal compressor parts were machined from AM355 pancake ‘
forgings. The impeller and deswirl vanes were machined by the pantograph

, milling process. The diffuser was machined by the Electro Discharge

P - Machining (EDM) process. The inlet guide vanes were made with the same
process used for the axial compressor Stage 2 vanes.

A new inlet casing was made for the centrifugal test so the axial
compressor, stator vanes would not have to be disassembled. The
L actuator hardware for the inlet guide vanes was identical to that used
on the Stage 2 axisl compressor vanes. ;

E : The centrifugal compressor hardware items appear in Figures 9 through 12,

i Compressor Assembly

The stator assembly procedure was essentially the same as the axial
compressor, including tip grinding of the inlet guide vanes and vane

E . angle measurement.
; b
I The IGV angles at the five pin positions were -1°9', -5°14', -9°59', ]
: +3°46', and +7°56'. The maximum vane-to-vane variation from the average '

i was +53' and -49' and the standard deviation was 28'. i

Bainac il aCasinitdulb il

i The rotor was assembled using essentially the same procedure carried out " s
: for the axial compressor. Final rotor balance was to the sensitivity
limits of the balance machine,

{ A critical assembly in the centrifugal compressor stage was the align-

) ment of the impeller shroud to the diffuser inlet and the setting of the
! impeller~to-shroud cold clearance. These positions were set by adjust-
b ing the thickness of shims. Th. shroud-tc-diffuser alignment was

: checked by sliding a dial indicator from the diffuser passage to the

A shroud. The impeller-~to-shroud clearance for the CCV-I test .7as

[ ¢ measured with wax patches painted on the shroud. These patches i

Lo were cut by the impeller with the rotor loaded in the forward direc-

’ : tion. The inlet guide vane tip clearance was measured with feeler
zages. All of the centrifugal compressor clearances are summarized

‘' in Table 6.
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- COMBINED COMPRESSOR TEST VEHICLE (FCV-I)
P Hardware Manufacturing
4 i
[
£ Since the original axial compressor hardware was damaged in the axial
f j compressor failure, it had to be replaced for the combined compressor . _
v test. The three stages of vanes were replaced with parts of the same - §
1 i design and material. The actuator levers and bushings were also 3
o replaced with identical parts; however, the actuator rings were reused. :
-
¥ ! The compressor casing treatment over the Stage ). and 2 blades was '
i destroyed in the failure and had to be replaced. Inserts were machined
! from AM355 forged stock and installed in the compressor casing as 3
3 shown in Figure 13. The rest of the compressor casing flow path was ;
. polished to remove all raised metal, small nicks, and scratches. No :
. ; significant dimensional changes occurred in the casing. 5
f :
3 )./ oS (0 ) |
Eo . k
e ] ~—— \
| h
3 | ¢
| ¥
o i
1
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: :
o i
* ] ) J
i ; :
3 : K
! '
i 4
; T,
I : y
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Figure 13. Axial Compressor Casing Inserts. E -3
]
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The AM355 Stage 1 and 2 blisks were replaced with parts of the same aero-
! dynamic design machined from 6A1-4V Titanium contour forgings (see

‘ Figure 14). A triple vacuum melt titanium alloy was chosen to provide
maximum insurance against impurities in the forgings. The structural
shape of the blisks was changed as shown in Figure 15 to maintain the
rotor frequency margin with the lower modulus of titanium. The same

RTINS T ARSI, T

;? tooling and process used on the original blisks were used for the !
.i; - titanium parts. ¥
: !
'k {
| ! ;
N ! 3
[} : p
i I : -4
LT ] 2 k1
- ! 3
. ( ; 4
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h. : , \\“1 K -
- ) , A
E :
| ! 1
e E § b
3B :
b | F 1 1 3:
: r : :
¢ i
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? Figure 14. Sketch of Stage 1 and Stage 2 Blisk Contour Forging Outline. -é
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5 5 ' Compressor Assembly ]
L !
? Assembly of the axial compressor stator for the full compressor test B
- ’ was the same as for the axial test. The Stage 2 vanes were tip ground .
to length after assembly into the casing. Vane angles were measured :
on each of the three stages with the following angle variations fr.m !
A the average.
E Stage Max Closed Max Open
- IGV 39! 23" ,
: 1 53" 59°' ‘ !
3 2 1°7 55" 1

| ? The seven Stage 2 vane angle pin positions relative to aerodynamic
e nominal were -0°26', 4°25', 9°28', 14°33', -5°29', -11°12', and
= 1 ~14°59'.,

. The Stage 1 and 2 rotor blade tips were ground to length with the blisks

4 assembled to the dummy impeller as was done for the axial compressor

A ; build. The grinding procedure was the same; however, the amount of

‘ material to be removed was determined by diameter measurements of the ;
blisks and casing.

N A

After tip grinding, the individual blisks were balanced and then the blade
strain gages were applied. Final rotor assembly was similar to that of
the axial compressor rotor but it had the added complexity of routing the
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strain gage lead wires (see Figure 16). Holes were drilled thrcugh the
rotors for lead wires routed along the inside contour to the aft end of
the assembly. The entire rotor assembly, including the balance piston
shaft and spline adapter coupling, was then balanced on glave bearings.

Most of the centrifugal compressor stator assembly from the centrifugal
compressor test was not disassembled prior to buildup of the combined
compressor test vehicle, The shroud had to be removed for the rotor
assembly, and the shim between the shroud and diffuser casing was reused
to assure the same shroud-to-diffuser alignment. The shim at the adapter
casing and rear frame interface was increased by 0.004 inch to set the
impeller axial clearance to a 0.005-inch hot running clearance. -

The Stage 1 and 2 rotor blade and Stage 2 stator vane tip clearances

were determined using diameter measurements and also by wax checks prior
to final assembly. The impeller inducer radial tip clearance was measured
by shim checks. The cold and hot clearances are summarized in Table 7.

P . B e e B Tt i T A P L SN TT TP I pud
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[

STRAIN GAGE :
*
N
LEAD WIRE / |
Figure 16. FCV-I Strain Gage Lead Wire Routing. },
i
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COMBINED COMPRESSOR TEST VEHICLE (FCV-II) ;
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Hardware Rework

The results of the Phase III test data were used to define the hardware

: redesign for evaluation in the Phase V, FCV-~II combined compressor com-

ponent test. This hardware rework consisted of a cutback of the inducer

- : leading edge and an increased throat area in the pipe diffuser. The

1 impeller rework is shown in Figure 17 where the leading edge was cut .
( back and blended to a leading edge thickness equal to the initial design.

e B i g

T TN WO VY o

Gt a2 o I

The pipe diffuser throat area was increased 6.4% to a nominal diameter

of 0.2501 in. while maintaining the same passage width at the tangency B :
circle., The actual measured throat diameter in the reworked diffuser ]
was 0.2508 in. and within the allowable tolerance band. ;

.y

Compressor Assembly

i The strain gages and the lead wires were removed prior to assembly; any ;
‘ holes were plugged or patched with nichrome strips. The rotor clearances 3
were maintained for this assembly, and the rotor bearings were replaced

; with new bearings. The special conduit hardware for the strain gage

’ wires was not required. During the rotor assembly, the tie-bolt pre-

load was increased to 9600 1b. This higher tie bolt load was a preventa-
tive measure against any possible looseness under extremely low ambient
inlet temperatures (i.e., 400°R}. Traverse probes were installed on this

3 build to measure the outlet flow from the first and second stage axial

2 rotors using three-element Cobra probes. Another traversing apparatus was
installed on a Plane B bleed boss to traverse the axial outlet flow in the
transverse direction at various immersions with a three-element Cobra
probe. The assembly and balancing were normal, and clearance checks were
made to assure proper assembly and repeatability of the FCV-I measurements,
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INSTRUMENTATION

VEHICULAR INSTRUMENTATION

The vehicular instrumentation 1is defined as equipment mounted on the test
vehicle for monitoring and controlling the test. Specific instrumenta-
tion includes:

Clane e iiEias 2 ol L olion L)

I 1, Vibration indicators, :
’ 2. Bearing load, temperature, aud lube supply. b
3 3. Vehicle skin temperatures.,
~ 4, Vehicle cavity pressures. . k

- front frame and midframe in the vertical, horizontal, and axial direc-

! tions. Also, the front and rear squirrel cages were strain-gaged to

‘ measure the rotor-to-stator vibrational amplitude. Since the rotor system
| was soft-mounted, these strain gages provided a better indication of vi-

: bration level than the casing-mounted accelerometers. Two proximity probes
i were used to measure the flexible coupling vibration at the gearbox and
vehicle ends, and these were oriented in approximately a vertical plane.

E i The vibration indicators consisted of six accelerometers located on the

The aft bearing axial load was determined using a three-pedestal load cell
(see Figure 18). The load cell had a temperature compensated strain gage
bridge circuit in each pedestal to measure the compressive stress. The
load cell was statically calibrated in the bearing support housing prior
to test. The results of the calibration are shown in Figure 19. Periodic
static checks of this calibrution were made during the test by applying
external air pressure to the balance piston. The check calibrations were
made to reset the zern on thr electronic readout equipment and to verify
the signal at a 200-1b load.

The forward and aft bearing cuter race temperatures were observed using 1
Chromel-Constantan thermocouples mounted in the bearing housing. Two
thermocouples were used for each bearing. A further monitor of the
bearing condition was established by measuring the lube oil supply and
scavenge temperatures.

veihat | BTN L £ Liom .

A magnetic chip detector was installed in each scavenge line. These

detectors would close an alaru circuit after a number of particles were
captured. During the axial component test only a few particles were

observed on the aft detector, but an analysis of these particles indicated s
M50 bearing material and positively identified a thrust bearing problem.
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Load Cell Calibration.

: v \L ki

e « oy
-

200

FRVRT

Figure 18.

0
Figure 19,

L
10

3.0 VOLTS EXCITATION

3.0 }0—-
0

4.0p-

S1ITOAITIW - 1ndino i

» L] * @ N

I N AL AOT T . 4 B oL ¥ NS ,h?m»fw.n\nf..nuﬂg,hﬁb”‘}.,%bi. FENROT,

T - Sy e e 4 EV T Lo dmer I iy A iiae 2] e e it da N e s




< 7im oy e s

B et

e Tmoin

4
£
b
!
{
)

T T i B T eI e g Y T e Sy 2% i

— e 2

:

AR aa e B < g

A L Sme TR c e e aae e

AR C L oo

PL s ST

i L e AN L T G

The lube supply temperatures to the bearings and oil dampers were measured
with Chromel-Alumel thermocouples mounted in the supply lines. Addi-
tional thermocouples were located in the oil scavenge lines from the
forward and aft sumps.

A total of nine skin temperature thermocouples were located on the test
vehicle as shown in Figure 20. These Chromel-Constantan thermocouples
were used on the CCV-I and FCV~I tests,

A total of 15 vehicle cavities were instrumented for observing the various
internal seal supply and vent pressures.

SN
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~
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ITEM NO.
o ANGULAR LOCATION
‘B" (AFT LOOKING FORWARD)

1 R N ~ - 2 b . i

Figure 20. Compressor Skin Thermocouples.
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AERODYNAMIC INSTRUMENTATION

v
The various aerodynamic measurement planes are shown schematically in
Figure 21,

Thermocouple Measurement System

The thermocouples were connected to the automatic data recording system
through an intermediate reference junction constructed oi a solid copper
biscuit which was heavily insulated from the environment to produce an
isothermal junction. The reference junction was mounted on the vehicle

so that the thermocouple lead wires could be connected directly to the
copper block, thereby eliminating all external connections which are
sources of measurement error. Copper lead wires were used to connect with
the data recording system to avold errors associated with spurious EMF's.
An ice junction was also connected to the reference junction to determine
the potential of the reference junction relative to ice. The temperature
level of any thermocouple could then be determined by summing the reference-
to-ice and reference-to~thermccouple potentials. Separate ice junctions
were used to establish the reference junction potential for the Chromel-~
Constantan and Chromel-Alumel thermocouples.

It should be noted that the corrections for thermocouple error from
standard are a function of millivolt signal level and not temperature
level. Therefore, the wire calibration was applied to the reference-to-
thermocouple potential level and not to the thermocouple~to-ice potential
level,

Compressor Inlet Instrumentation (Plane A)

\

The compressor inlet instrumentation comsisted of 24 inlet screen-
mounted thermocouples, 8 inlet bellmouth throat static pressures, and 3
inlet total pressures. The inlet thermocouples were constructed using in-
sulated Chromel-Constantan thermocouple wire and were calibrated to 150°F.
The eight inlet static pressures were equally spaced around the bellmouth
throat. The inlet stagnation pressure was the test tank inlet plenum
pressure. The stagnation pressure for the ACV test was recorded using
two baskets attached to the inlet screen and one basket mounted from the
test tank wall. The FCV test had four total pressure sensors mounted at
the Inlet screen where one sensor was used for facility control. The
pressures on the Inlet screen were averaged for the inlet total pressure.
Barometric pressure was recorded using a precision instrument,

The bellmouth was calibrated during the inlet guidg vane static blow
“ests., Using the nominal throat area of 31.548 in%, the flow co-
efficient was determined as

Cp = 984 - .07 (B, - p,)/P, (1)
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Axial Discharge Instrumentation (Plane B)

The axial discharge instrumentation consisted of total pressure and
temperature rakes and casing wall static pressures. The rakes were
positioned to observe the flow at the ceuter of six equal annulus areas
in two circumferential locations. The casing had provisions for three
rakes each for total pressure and temperature, so three different rake
configurations were required. The requirement for six immersions was
determined from the Phase II Design Studyl in order to have signifi-
cantly lower bias error. The three rake configurations, Types A, B, and
C, are shown in Table 8.

TABLE 8. PLANE B RAKE SENSOR LOCATIONS

Immersion

% Depth Type A Type B Type C
7.05 yes yes -
21.68 yes - yes
37.10 - yes yes N
53.47 yes yes -
70.97 yes - yes
89.89 - yes yes

The desig. passage for the probe spacing had a tip radius of 2.339G in.
and a hub radius of 1.5733 in. Six-element probes were not used because
it would result in excessive probe blockage.

The total temperature rakes were constructed from 0.040-in.-diameter
magnesium oxide (Mg0) insulated Type E thermocouple wire. The design
used a semiclosed bead construction. The rakes were calibrated for
recovery and wire error. An additional check was made on the wire lot
to be sure it was within the inhomogeneity tolerance (spurious EMF's
from external wire temperature gradients).

The total pressure rakes were fabricated from 0.032-in. OD x 0.005-1in.
wall tubing, and the tube ends were chamfered to a 50~degree included
angle for better off-angle recovery. The rakes were each calibrated
for total pressure recovery versus pitch and yaw angle.

The Plane B static pressure wds determined from six taps located at the
following angles (aft-lookis.g-forward): 31°15', 76°15', 121°15',
211°15', and 301°15'. These taps ware unequally located to avoid inter-
ference with the Plane B bleed air bosses end rake instrumentation pads.
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The conscruction of the tap was a double-drilled hole 0.066-0.071 in.
diameter to within 0.080 in. of the flow path and drilled through using
a 0.017- to 0.022-~in.-diameter drill. The edge of the drilled hole was
left sharp and any burrs were stoned smooth with the flow path.

The axial location of the Plane B static pressure taps was between the
second stator trailing edge and the slot for intercompressor bleed air.
The sensing plane of the rakes was near the leading edge of the slot
because the rakes were installed through this bleed slot to avoid special
holes and flush plugs when the rakes were not in place. The flow path
radiil at the Plane B static pressure taps were 2,3604~in., OD and 1.6151-
in. 1D,

Centrifugal Impeller Inlet (Plane C)

The inlet of the centrifugal impeller was instrumented with six shroud
static pressures which were equally spaced about the circumference. For
the tests when the impeller was not installed, additional instrumenta-
tion was included (ACV test and centrifugal IGV blow test). This addi-
tional instrumentation consisted of a 3-parameter Cobra probe and a
15-element wake rake. The 3-parameter, 0.125-in.-~diameter Cobra probe
measured total pressure, angle, and temperature, and the probe was cali-
brated for angle and recovery.

The wake rake had 15 elements spaced along a radial arc to span atout
2 blade pitches (see Figure 22). This wake rake was actuated in the
radial direction to determine radial and circumferential total
pressure profiles. The wake rake elements were connected to the
automatic data recording system and were included on every data read-
ing. During most of the ACV test, the probe was at 477% immersion (50%

nominal annulus area).

Compressor Static Pressures

The static pressures can be grouped into three major areas: (1) axial
compressor casing, (2) impeller shroud, and (3) centrifugal diffuser.
This section describes the size and location of the static pressure

taps in the above sequence. Unless otherwise specified, all static

taps were constructed using an 0,066-to 0.071-in.-diameter counterbore

up o within 0.080 in. of the flow path, and the sensing hole was drilled
through at a diameter of 0.017-0.022 in. All holes were smooth with

the flow path and had sharp edges.

Th2 axlal casing was used on the ACV, FCV, and axial IGV blew tests.
The centrifugal casing was used on the CCV and centrifugal IGV blow

tests.
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Figure 22, Wake Rake.

An unwrapped axial casing drawing is shown in Figure 23 which iden- :
tifies the tap locations for the axial compressor casing. Figure 23 : |4
[ also shows the spatial relationship between static taps, rakes, strain
' gages, and vane-mounted thermocouples used on the ACV test. The item
numbers shown in Figure 23 correspond to the identification printed out
on the ACV data sheets. Static taps were located at the inlet and exit
of each vane rcw in three clusters of four taps for a total of 12 taps
per axial station.

e it st S et i et s

The static pressure taps on the centrifugal inlet casing had three
clusters of four taps installed at the IGV inlet and exit. The remain- .
ing nine taps were distributed along the flow path.

e i it

0

Sovaitre 1

E The partial impeller shroud, used for the ACV and centrifugal IGV blow :
, \ tests, is shown in Figure 24. This partial shroud formed part of the . i
intercompressor duct and the centrifugal inducer flow path., The wall 3
static tap locations are indicated in Figure 24.

B W
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Figure 24. ACV Centrifugal Inlet Instrumentation Locations.

The impeller shroud taps were constructed differently because the
nickel-graphite coating applied to the shroud would not form a sharp-
edged hole. This problem was overcome by drilling 0.049-0.046 in. dia-
meter through holes for metal tubing which was made flush to flow path
contour. The tubing produced sharp-edged holes and was routed directly
to the data recording system. A schematic of the static pressure taps
is shown on Figure 25, and Table 9 provides data on the tap location

as a percentage of the shroud length from impeller leading edge to
trailing edge.

Piffuser static pressure taps were provided along a single conical
passage with three additional passages instrumented for inlet and throat
static pressure for a total of 29 static taps. The flow from the diffuser
entered a deswirl vane row. Alternate deswirl vane row passages were
instrumented to observe wake flow and core flow passages, since there

were twice the number of vanes in the deswirler as there were passages

in the diffuser. The meridional locations of the various diffuser

static taps are shown in Figure 25. Twelve static taps were used at

the discharge of the exit annular diffuser with six equally spaced

taps on the outer wall opposing six taps on the inner wall. The

average of these twelve taps was used to determine the compressor
outlet static pressure.
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- . TABLE 9. CCV-I IMPELLER SHROUD STATICS ;
P j
}

; :
o ;
B b
3 ! :
P ;
{ | Tap No. S (in,) S/ST x 100% Item No, : E
:: ‘ ) 8 -1064 -370670 418 . .é
E ; . 9 -1.30 -29.8 417 ) j
b | 10 - .99 ~22.7 416 ]
T ' 11 - .67 -15.3 415 a
g 12 - .33 = 7.5 414 !
: : 13 (L,E.) 0 0 413
3 14 .32 7.3 412
! ' 15 +65 14,9 411
e 16 1.99 22.7 410

17 1,32 30.2 409 : :

& 18 1.65 37.8 408 ,
i 20 2,34 53.5 406 3
¥ ! 21 2,68 61.3 405 :

y : 22 3.00 68.6 404 4
g “ 23 3.65 83.5 403 i
o 25 4,28 98.0 401 3
g g Centrifugal Discharge (Plane E) b
| Lj

! ; * The total pressure and temperature rakes for Plane E are shown in :

i & Figures 26 anc 27. These four-element rakes were equally spaced : J
j ; : across the discharge passage and located 120° apart (see Figure 28). { ]
- i , o
% i 5 The discharge total pressure was also measured with a 15-element wake t 3
- f @ rake that was traversed to various immersions. This rake design was ; 3
3 l iy similar to the rake shown in Figure 22. 3 ;
; %F‘, k] ;‘.4
N .
4 1 : 63 ’ ;

s ke AL Al RSB MRS i % a ke e 2NN ek P . ane
% et aams % s T I PEEROPE U NV S SR ek M . Guiaric WL : b wrdhiin e ThA 0 AL




P——

e e

AT

T

£ e TR,

B ey

sor mb i

£ i+

‘:
4
k
¥

Figure 26.

Plane E Total Pressure Rake.

Figure 27, Plane E Total
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Figure 28, Plane E Instrumentation.

Axial Rotor FExit Traverse Probes

A miniature Cobra probe was made to measure rotor outlet total pressure,
angle, and temperature. This probe had a nominal stem diameter of

0.094 in. and is shown in Figure 29. The probe was constructed using
three pressure tubes of 0.022-in. OD x 0.005-in. wall and an unshielded
Chromel-Alumel thermocouple made from 0.022-in.-diameter Mg0 tubing. Two
probes were fabricated and calibrated from 0.2 to 0.8 Mrch number at the
design pitch angle of -15°.

Vane-Mounted Thermocouples

Thermocouples were mounted in three Stage 1 stator vanes. The 47%
immersion position was selected to appruximate the mean streamline loca-
tion. The thermocouple junction was mounted 0.005 in. off the vane

near the pressure surface trailing edge.

Alrflow Measurement

The compressor airflow was measurad using a downstream choked venturi.
A check on the compressor flow 1s made using the inlet bellmouth. A
calibration of the inlet bellmouth was conducted during the blow tests,
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Figure 29. Cobra Probe.
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and these results are shown in Figure 30. Compressor bleed airflows
were determined using separate venturl measurements and were summed with
the discharge venturi flow for the totsl compressor inlet airflow.

IGV BLOW TEST ‘ 3

Centrifugal IGV Blow Test F

el 4

The inlet casing used for the centrifugal stage component test was

l; tested to measure inlet guide vane losses and flow profile. The Plane C
. impeller inlet instrumentation that was used on the axial component test
iﬁ i ‘ was also employed for this test. The Plane C instrumentation is dis-
¢ |

PR YPRr P

cussed under "Centrifugal Impeller Inlet (Plane C)" (pg 57).

The static pressure ingtrumentation on the inlet casing was identical to a
1 : centrifugal component t:st, since the same hardware was used. The axial
- . compressor test dummy : .ntrifugal shroud was also used, and the static

‘ ‘ taps are shown in Figure 24. v

The inlet airflow was measured by a choked venturi mounted in the inlet |
. ‘ supply line, since the test rig discharged to the atmosphere (sen

| Figure 7). 1Inlet total temperature was determined using eight

- screen-mounted Chromel-Constantan thermocouples. The inlet total

pressure was measured in the inlet plenum with four total pressure
baskets. )

il el sk ik S B o2 otttz e s
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BELLMOUTH FLOW COEFFICIENT

BELLMOUTH %3 =

Axlal IGV Blow Test

The instrumentation required for the axial compressor tcst presented a
more difficult problem because of the close proximity of the sensors to
the guide vane and the wider range of angle variation to be measured (see
Figure 21). The standard compressor casing was used so any rework could
not interfere with future component tests, The rework limitation and angle
variation discouraged the use of a large wake rake similar to the

Plane C or E design, su it was decided to mount a low profile rake from
an indexable centerbody which could sweep at least two vane pitches.

The hardware is shown in Figure 8 where the one five-element rake
measures total pressure and the opposite rake measures flow angle.

The two rakes are coupled together via bevel gears to a common yawing
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actuator. The entire centerbody assembly 1s piloted off the front
frame and is Indexed in the circumferential direction using a pair
of remotely actuated push-pull screw jacks,

The casing static pressures were the same as the axial and combined
compressor test because the same casing was used. The rotating center-
body had four inner wall static pressures at 40°, 100°, 220°, and 280°

to sense the static pressure at similar angular settings from four vanes.

The inlet airflow, total pressure, and temperature measurements were
identical to the setup for the Centrifugal IGV Blow Test.

FCV-II Second Stator Exit Traverse

A special test apparatus was designed to actuate a three-element Cobra
probe in the radial and transverse directions. This probe was installed
through one of the six bleed bosses and did not require any casing re-
work because the existing Intercompresszor bleed slot was adequate (see
Figure 31). 71his positioned the probe axially about 1-1/2 chords down-
stream of the second stator vaae. In the design of this traverse

TRAVERSE PROBE

P, T, AND ANGLE
EXISTING PLANE "8"
BLEED PAD | 7
. ™ S
| |

s

AN

O

~—
NOMINAL PITCH
ANGLE -10°

MACH NO. = .50

Figure 31. Axial Outlet Traverse Setup.
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system, three modes of operation were considered (see Figure 32);

1. X-Y traverse.
2. Inverted R-0.
3. R-0 traverse.

b The X-Y traverse mode was selected because it offered the simplest
actuation and sealing solution. A standard traverse probe and actuator
bToT were mounted on a movable shoe in a conventional fashion to achieve the
radial travel and probe yawing capability. A second standard actuator :
was mounted to this shoe which travelled back and forth in the trans- : 3
verse direction. During a data reading the first actuator was fixed ' ;
. at a preset probe immersion while the second actuator travelled in the - 3%
transverse direction to obtain the circumferential P, T, and angle i
; data. Since the probe was at a fixed height from the compressor
i centerline, the immersion radius varied during the reading and must
. be considered in the analysis of the data. Since the travel require-
| ment for this installation was only 0.90 inch, the immersion change :
was small. The R-0 traverse mode would permit constant radius data and '
would be a better choice for larger circumferential travels.

) b A A SR R

e TrEw

—

B e T

T R

o

A calibrated 0.094~in.-diameter traverse probe was installed for the
test. The probe design was identical to the axial rotor exit traverse

i : probes.

T BT T T ST TR T e e W S R
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BLADE AND VANE STRAIN GAGES

b g s o rie M

axial and full compressor tests. The Stage 1 and Stage 2 rotor blades
and the full impeller blades were strain-gaged for the combined com- :
pressor test. The axial compressor and centrifugal compressor inlet 'L
guide vanes were not instrumented.

[

) ‘i ; The Stage 1 and Stage 2 stator wanes were strain-gaged for both the
|
{

B i e 3

PATE I 4

Stator Vane Strain Gages

SRS Sy

Figures 33 and 34 show the strain gage locations for the axial compressor
and combined compressor tests, respectively. The gage locations for

the axial compressor test were chosen to provide coverage of the cal~ ;
culated firsi five natural modes and estimated chordwise bending modes. :
The gage locations specified for the combined compressor test were
selected from calculated data to give good coverage of the first four

modes.

R

G
R VRIS B U

: The 1/16-inch grid strain gages were cemented directly to the airfoil

9 surface and the lead wires were sandwiched between layers of insulating
i = silk which were cemented to the airfoil surface. This method of mount-
ing provided a low profile to minimize aerodynamic losses. The strain
gage lead wires were routed through a hole which was drilled through
the center of the vane stem.

b o, B B o

|
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TYPICAL PROBE POSITION
DURING X-Y TRAVERSE

g 7;_,_

.: ) -
90 IL_ / I@ X-Y TRAVERSE

=T S INVERTED r-§
i l_-z.l_-‘—-bfal-“n-o TRAVERSE

\ ANGLE BETWEEN
| 34 SECOND STAGE
STATOR VANES

Figure 32. Axial Outlet Traverse Modes.

The Stage 1 and Stage 2 rotor blades and the full impeller vanes were
instrumented for the FCV-I combined compressor test. The gage locations
shown in Figure 35 were determined by stress distribution testing of a
large-scale airfoil model. For this test, gages were mounted on the
airfoils as shown in Figure 36. The Stage 1 blade sample was instru-
mented with 55 strain gages spaced at approximately 0.15 inch, the

Stage 2 with 64 gages approximately 0.10 inch apart, and the impeller
vane with 33 gages approximately 0.15 inch apart. The strain-gaged
airfoils were vibrated at each of their natural modeg .and the stress
distribution was recorded for each mode. From this data the strain gage
locations were selected to give coverage of all modes through 35,000 Hz.
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% ' NOTES:
% 425 332 1IN, 1) A11 gages to be located

on concave side of
airfoils,
2) One gage per vane (total
six gages).
3) A11 gages to be 1/16 in. grid.
4) Gage 1S3 to be located at
airfoil - spindle blend on
thin section.
5) Gages 251 and 252 to be

P
- Tocated close to air‘oil
- trailing edge.
B 6) Strain gages and lead wire
. profile to be minimized
: for low aerodynamic loss.
-t STAGE 1 17A115-021
: r*j .218 IN.
i
. — I
___l__“_ﬂ
@y
.682 IN. 'f .493 1IN,

@yl |
25 ¢

-— IN.%O‘

@&D

STAGE 2 17A115-022

T

Figure 33. ACV Stator Strain Gage Locations.

The 12 strain gages were calibrated in the first mode to check
linearity and sensitivity of stress versus tip amplitude. The scope
limits or maximum allowable alternating stresses were determined from
the stress distribution test results which correlate the maximum air-~
foil stress to the stress at the gage location for each of the natural
modes.

T R A e Y

Eetizaalie oL U E S S SRS ¢ g%

The rotor strain gages used for the full compressor test were cemented
directly to the airfoil surface and used insulated lead wires

cemented to the airfoil with a silk fabric covering. The lead wires
were routed as shown in Figure 16. The leads were brought through
1/16-inch-diameter holes from the flow path side to the inside of the
blisks and impeller where they were cemented and routed aft. Four
1/8-inch-diameter holes were used to carry the leads through the disk

t portion of the impeller. On the back side of the impeller, the leads
@: were tack-welded with nichrome strips and routed into the plug which
ﬁf gathered the leads into a bundle at the rotor axis.
é’ 71
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NOTES:

1) Gages 151 and 251 to Le located 3
as close as possible to the |
fillet radius but not on it.

Both of these gages to be on
the convex side. "
Gage 1S3 to be located on
the thin section at the k]
airfoil - spindle blend on i
the concave side.
3) Gages 152 and 252 to be
located on the concave side.
4) One gage per vane (total -
5 gages).
5) A1l gages to be 1/16 in. grid.
6) Strain gage and lead wire
profile to be minimized
for low aerodynamic loss.

2

-~

— —

e et

Lo 7) Gages to be calibrated

L for stress vs amplitude hd

S STAGE 1 17A115-021 in first two modes.

- {

P i

- o

»

; E \ Stage Vane No. Gage : k

Eo VRN 1 1 151 '

AT ]

: —— 153

: \\<:> 2 10 281

P L 2 1 252 .

] ;

1 STAGE 2 17A115-022

g ! Figure 34. TFCV Stator Strain Gage Locatioms, E

£ i

| i

i

E [ The lead wire bundle was supported in conduit tubes through the balance 5

¥ piston shaft and flexible coupling. This lead bundle passed through a i

1 j : 1/4-inch hole in the center of the high speed gearbox pinion gear and i

% ; ? then on to the slip ring drive where the leads were attached to a L

E rotating terminal board which plugged into the slip ring. . %
4

i A 12-channel slip ring was used to transfer the strain gage signals f i

E T from the rotor. This slip ring was mounted to the high speed gearbox ' 4

Bl ? through an isolation drive unit. This drive unit also served as a .

: ; storage location for the diodes required to read out 12 strain gages b

with a 12-channel slip ring.
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TEST EQUIPMENT AND PROCEDURE 3
: 5
| g
The program consisted of tests conducted at both the Evendale and Lynn 3
: test facilities. Evendale tests included the axial and CCV-I centrifugal %
{ components and the static IGV blow tests. The Lynn facility testing j
i included the combined compressors and subsequent centrifugal com- : .
: : pressor tests. The Evendale and Lynn test equipment and support systems ; i
A . are described in this section. : %
3
: COMPRESSOR DRIVES ; '
‘ N

: The Evendale axial and centrifugal component tests were carried out in : 1
i the Aero Component Laboratory Cell A9E that is powered by a tandem pair : {
[ , of 350-horsepower variable speed induction motors (see Figure 37).
These motors were provided with a variable frequency power supply from
a variable RPM generator that was driven by a Dynamatic coupling from a
[ 4500-hp constant speed motor. Compressor speed was varied by changing
the generator RPM. The maximum speed of these motors is 20,000 rpm,

so a 3.75:1 speed increaser gearbox was used for a speed capacity of
75,000 rpm. A flexible drive coupling was used to connect the gearbox
to the compressor test vehicle.

[P

The combined compressor tests were carried out in the Lynn Small En-
gine Compressor Test (SECT) facility. This facility was powered by a
15,000-hp steam turbine through a series of three-~speed increaser
gearboxes to a rated speed of 61,000 rpm.

f STATOR ACTUATION

(A

T e g il i
o e o s b e A St i

Axial Test

The inlet guide vanes and Stage 1 vanes in the axial compressor test
{ were actuated electrically. The two stages were equipped with a DC
' drive motor, screw jack actuator, motor control relay system, vane ;
angle potentiometer, and analog function generator. A schematic !
diagram of the system for one stage is shown in Figure 38,

T A R W T AT T O T N AT N VT RO R i TR R T T TR T A e ST T S TR T e e ,‘

i i e o

The control system provided automatic vane tracking as a function of _
speed but also had an override feature so the vane angles could be i

. adjusted independently of speed. The vane angles were monitored on a ;
panel meter which was used as the primary readout. A secondary read- !
out was provided for the digital system to record vane angles on the §
data printout.
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Figure 38. Stator Vane Actuation System Schematic.
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At the start of each run the readout system was calibrated using a pin

to locate the vane ring relative to the casing. During accels and
v decels, the system was operated in the automatic tracking mode., In
b setting up for a data point, an override adjustment was used to set
the desired vane angles; power to the actuation motors was then switched
;- off to prevent the vanes from moving while a data reading was being taken.
g To eliminate any hysteresis effects, the vanes were always set while going
from an open to a closed vane angle whenever data points were set up.

Centrifugal Test

The inlet guide vanes used in the centrifugal compressor test, like
the Stage 2 vanes in the axial and combined tests, were not remotely
actuated. These vanes could be set at any one of seven positions

- where they were held by a close fitting pin inserted through the
actuator ring and into a slot in the compressor casing.

Combined Test

The Lynn SECT facility used a hydraulic vane actuation system. The

vane actuation rings were driven by hydraulic cylinders which receive
commands from the vane console located in the control room. The hydrau-
lic system was operated at 2100 psi pressure and the actuator pistons

had an area of 0.147 square inch. Each stage was equipped with two
potentiometers mounted on separate vane stems., These potentiometers pro-
vided the feedback signal to the controller indicating the vane position.
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One of the potentiometers was the prime signal which was used to control
? the test; the other potentiometer was an alternate which was constantly
] compared to the prime to detect a malfunction in the system. If the prime
: and alternate signals disagreed by more than & preset amount, a warning
indicator was triggered.

RCa 2 St ARSI <o e - R A o 4

j The control could be operated in several modes to provide stator angle

| tracking or fixed angle operation. For most of the FCV-I testiug,

‘ the control was set up for automatic tracking of vane angle versus

: corrected speed for the schedule shown iIn Figure 39. At date point .
1 readings, the vanes were trimmed to the desired angle by a manual

override mode of operation. For stress mapping purposes, several

speed swings were made with the vanes offget several degrees from

the nominal tracking schedule; also, manual angle adjustments were .
g ) made from the nominal angle at constant speed, j

it TR LT

‘ LUBRICATION SYSTEMS

The lubrication system for the vehicle bearings and oil dampers was
! part of the facility installation. The basic facility lubrication

B e bt

; systems were adapted for the specific test vehicle requirements, 5
3
i
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Figure 39. FCV-I Vane Tracking Schedule.
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A MIL-1-7808 lubricant was used, and Table 10 indicates the test yehicle

e ek el L it e T il

E
}
L requirements.
E 1
b TABLE 10. LUBRICATION REQUIREMENTS
| S
; { Item Pressure Flow 0il Inlet Temperature
% ; . (psig) (gpm) (°F)
; l Forward Bearing 30-40 1 100-120
E ‘ . Forward Damper 30%* .1 100-120
L Aft Bearing (Aft side) 30-40 .85 100-120 i
L i
L Aft Damper 75% .1 100-120 ’
1
% i *Damper supply capacity pressure.
% : In addition to these supply pressures, the bearing temperature rise
_ as determined irom the o0il supply and bearing outer race temperatures
; was to be less than 100°F for safe operation. The front and rear
£ sumps were maintained below atmospheric pressure by ejectors in the
: i facility lube systems.
5o The Evendale lubrication system was a permanent part of the facility.
: A heat exchanger was added to heat the supply oil to the 100°-120°F
L range. The Lynn SECT facility utilized a portable lube cart thac
provided the required pressures, ows, and temperature. c
| ided the required £1 d temp Each
1 ‘ bearing and damper supply line bad separate regulation and filtrationm.
;! In addition to the facility filters, a l0-micron filter was installed
3 ; in each supply line.
3 i : THRUST BALANCE SYSTEM
r .
] { The object of the thrust balance system is to maintain a constant
3 } forward thrust on the vehicle rotor for all speeds and operating con-
] 0 ditions. For optimum bearing operation the thrust load should be held
9 / between 150 and 250 pounds. Instantaneous load increases or decreases
3 are tolerable; however, operation with thrust in the aft direction must .
be avoided. ;
‘
{ Ia both the Evendale and Lynn facilities, the rotor thrust load was !
1 measured by the load cell output and adjusted by changing the pressure _ i
! in the balance piston cavity. : @
|
‘ |
: i }E
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Evendale Test Facility

The Evendale test facility used an analog computer circuit to effect
automatic thrust load control. The load cell signal was inputted to

the analog circuit where it was compared to the desired reference level,
thus generating an error signal. This error signal was used to control
an air-operated valve which regulated airflow into the balance piston
cavity. Balance piston air was supplied from a shop air line and ex- y
hausted from the balance piston cavity into the atmospheric vent cav- L
ity.

it s imdan it o alem

During the initial test runs, the analog computer circuit was not used
because the load cell output was questionable. For these tests the
balance piston control valve was adjusted manually. Balance piston
pressure levels werz calculated from pressure-area measurements made
in the vehicle.

[T N

: For the axial compressor test, the load cell was wired to provide two
output signals. One of these signals was used for the thrust control

. system while the second signal was monitored on the Sanborn trace re-

i corder., For the centrifugal compressor test, the load cell was wired

: to provide three output signals. One of these signals was monitored

i on a strip chart recorder while all three signals were used for the thrust
' controller.

a
\.
1

rma . A

T,

Lynn Test Facility

The Lynn test facility utilized a feedback control system to regulate
the rotor thrust. This system is depicted schematically in Figure 40
and operates as described below.

SHOP .
AIR SAFETY
VALVE
l CONTROL F-JF-ErTOR

- ——— (4
VALVE ATMOSPHERE

]

LOAD -
CELL

o i o4
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ZE}— (]
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REFERENCE
LOAD

Figure 40. Lynn Thrust Balence System Schematic.
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The rotor thrust was also controlled by regulating the air pressure
in the balance piston cavity. Air was supplied to this cavity from
the compressor discharge seal pressurization cavity through the outer
balance piston seal, and was regulated by a contrcl valve in the dis-
charge 1ine from the balance picton cavity. This control valve was
an alr-operated gate valve which was regulated by an electronic con-
troller. The downstream side of the control valve was connected

to an ejector tc get additional pressure range. The electronic con-
troller takes the three load cell outputs, sums the level, and compares
it to the desired reference load. 1If the rotor load was lower than
the reference, the control valve closed, thus increasing the balance
plston pressure; conversely, the valve opened if the rotor load was
too high. The electronic controller also triggered an alarm system

when the rotor thrust deviated by more than 50 pounds from the refer-
ence level.

In the event of a control valve failure, the valve will close, thus
raising the balance piston pressure. To prevent serious bearing overload,
a relief valve was installed in the air line between the balance pistor
cavity and the control wvalve.

The individual load cell outputs wer: monitored on a strip chart trace
reccrder, and the sum of the load cell readings was digitally displayed
at the of rator console.

COMPRESSOR BLEED CONTROL

Three different compressor bleeds are controlled for the various component
tests. The axial component test evaluated axial discharge bleed (Plane B),
since it affected the centrifugal stage inlet conditions. The centrifugal
a~¢ combined component tests required bleed from the axial discharge

Ptlane B) and frum both the forward and aft sides of the Impeller outlet
(vaneless bleed).

The Flane B system was designed for a nominal compressor ianlet corrected
alrflow of 0.23 1b/sec at 30% speed; this design point represented the
most severe case. The downstream condition for the bleed discharge was
atmoepheri:, so the test apparatus was installed to a vacuum line to
overcome the piping, valving, and venturi pressure losses. For the axial
componsnt test the bleed airflow was regulated with a remotely actuated
valve ‘hat connected with the main vacuum line. The combined compressor
control valve required additional protection to automatically open the
valve to 100% when the compressor speed went below 70% corrected speed.
This was necessary to avoid the possibility of stalling the axial com-
pressor in the event of an emergency shutdown. When testing below 707
speed, the operator could override this automatic control to provide any
desired setting. The bleed airflow was measured with a 1l.5-inch orifice
place in the SECT facflity, and test results of 0.25 lb/sec at 30% c.v-
rected speed were obrerved.
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The forward and aft vaneless space bleed systems were sized for 2% bleed

airflow from the forward wall and 1% bleed airflow from the aft wall.

-

These flows represented typical engine requirements where the 2% forward
wall bleed would be used for high temperature turbine nozzle cooling and
the 12 af~ wall bleed for internal sump and seal pressurization. This

bleed improved the diffuser static preasure recovery. There was sufficient

pressure developed in the machine at the impeller discharge to throttle
these bleed lines to atmosphere. The forward and aft bleeds were
measured in the SECT facility using 0.9- and 0.7-inch-diameier orifice
plates respectively. The system capacity was more than adequate
because respective flows of 10.5% and 22.8% for the forward and

aft bleeds were found to pass at the design airflow in the

combined compressor tests.

The various bleed airflows were monitored on an analog computer readout
during the test as well as being printed out in the data reduction pro-
gram, The analog display was useful in setting data points.

INLET TEMPERATURE AND PRESSURE CONTROL SYSTEM

The combined compressor tests were conducted at high speeds using re-
duced inlet temperature and pressure. The Lynn SECT facility provided
the refrigerated air at the reduced inlet conditions via an expansion
turbine in the air inlet supply system. This turbine was provided
high~pressure dried air from the nearby air station and was loaded using
a synchronous generator that supplied power to the plant grid. Since the
expansion turbine was in series with the compressor, the variation in air
supply regulated both compressor inlet temperature and pressure. A
schematic of the air supply system is shown in Figure 41, The supply
pressure was varied with valve V25, and valves V26 and V28 were usually
closed. Valve V28 can be used to bypass supply air for raising the
supply temperature and pressure. Positive pressure or ram conditions are
avoided by the protective atmosphere vent valve VC5. The valve VC4 was
inactive and open during the test.

AMBIENT

TO TEST
VEHICLE

Figure 41. Air Refrigeration System Schematic.
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The test procedure used for starting up the refrigeration J4vsi~<m was
as follows:

1, Started vehicle to about 50,000 rpm with atmospheric air
supplied through the vent valve VC5. Valve VC25 was closed
and V28 was 100% open.

2. Valve V25 was gradually opened while VC5 was closed to maintain
atmospheric iInlet pressure. Valve V28 was held at 100% open.

3. When the atmospheric vent valve VC5 had been completely closed,
the refrigeration bypass valve V28 was graduaslly closed while
the supply valve was opened to maintain a slightly subatmos-
pheric pressure.

4, When the bypass valve V28 was completely closed, further
control for inlet pressure was set by valve V25 and the air
station supply.

5. Changes in compressor speed were made gradually to reach the
20 in. hg absolute inle: pressure at 100” corrected speed.
Slower speeds were tested at higher inlet pressures while
maintaining a near-constant supply temperature to minimize
the stabilization time.

During the FCV-I test a minimum temperature of 399°R was reached at
100% corrected speed with an inlet pressure of 20 in. hg absolute.

DATA ACQUISITION SYSTEMS

The acquisition of test data was accomplished using a digital recording
system for the bulk of the pressure and temperature data and various
direct readouts in the test cell control room. The digital recording
system used scannlng valves for the varicus pressures and scanning
switches for the various temperatures., The rotary scanning valves,
typically, had 11 to 22 pressure lines connected to a common pressure
transducer. On each data reading, the reference pressures were also
logged to check the transducer calibration. The various thermocouple
signals were recorded through scanning switches in the digital recording
system. The pressure and temperature signals were amplified and stored
in an on-line computer systewm or punched paper tape. An on-line
computer system was used for the Evendale axial and cen:!vifugal component
tests. The data printout for the on-line computer consisted of a per-
formance summary from a remote terminal in the test cell control room
and full printout of results at the computer site. The blow tests and
Lynn component tests used an off-line computer with a punched paper tape.
The punched paper tape system was processed in the test cell control
room using a remote data terminal. The time for the logging on the
digital recording system varied with the total number of parameters, but
was usually completed in 2 to 3 minutes.
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Operational data was also obtained during the test using various continu-
ous monitors.

Analog computer display
Stress and vibration displays
Operational parameters

An analog computer was used to display compressor airflow and pressure
ratio on an X-Y recorder. This provided a record of the stall point,
and aided in the seicciion of a throttle valve setting for equally
spacing data points along a speed line.

The stress and vibration monitors were displayed on strip chart recorders
and oscilliscopes and recorded for playback on magnetic tape.

Compressor speed, bearing thrust load, vane angle, and throttle valve
setting were monitored on a digital display located on the control
console. These parameters were also comnected to a strip chart recorder.
Operational pressures and temperatures were monitored on control room
displays and recorded with each test point.

The strip chart records and magnetic tapes were very .seful in analyzing
the axial rotor blade failure and thrust bearing problem on the axial
component test. The playback of the magnetic tapes of FCV-I rotor
strain gage signals was essential because of the high rate at which this
data is obtained during the test., On-line monitoring of the rotor
strain gage signals was primarily to avoid regions of excessive stress,
and quantitative stress values were obtained on playback.
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COMPRESSOR DATA REDUCTION

STAGE PERFORMANCE

The reduction of the test data for the overall performance 1is presented
for a standard day (59°F, 14.696 psia). The inlet corrected airflow
into the axial compressor was based on the inlet plenum total pressure
(PA) and temperature (TA):

(WC)A = W/TA7518.7 /(PA/14.696) (2)

In the case of the centrifugal compressor, the total pressure (P_ ) and
total temperature (TB) conditions were used for corrected airflow:

(Wc)B = W/TB7518.7/(PB/14.696) 3)

The stage pressure ratio was based on the measured inlet and exit total
pressures:

1. Axial stage pressure ratio = PB/PA

2. Centrifugal stage pressure ratio = PE/PB
3. Overall pressure ratio = PE/PA

The adiabatic efficiency was based on the enthalpy rise as determined from
the measured temperatures and pressures and the real gas propertiesg of

the air, including the effects of humidity:
n = (Isentropic Enthalpy Rise)/(Actual Enthalpy Rise) (4)

For high pressure ratio compressors, a variable specific heat was impor-
tant in calculating the stage efficiency. This was especially important
for the centrifugal stage compressor.

The compressor corrected speed (Nc) was determined from the measured RPM
(Ng) and the inlet total temperature:

1. Axial or Axilal-Centrifugal Compressor (Nc)A = Ng/TA7518.7
2. Centrifugal Compressor (NCENT) = NS/MTB7518.7
The corrected airflow and speed data were normalized to design point
corditions for the axial and centrifugal stages. The design airflow

and speed for the axial compressor were 5.0 1lb/sec and 60,400 rpm,
and for the centrifugal stage were 2.34 1b/sec and 51,800 rpm.
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E Centrifugal Stage Calculations

E Performance of the impeller and diffuser was calculated using the
yo measured plenum inlet, impeller exit static pressure, and the diffuser
exit conditions. In the case of a centrifugal stage test, the total
pressure loss of the inlet guide vanes was deducted from the inlet
f plenum total pressure in order to determine the total pressure at
the impeller inlet (Plane C). This was necessary because the IGV . '
( loss would not be present when the stage operated with the axial
compressor. These inlet guide vanes were used only to simulate the swirl
exiting from the axial compressor. f

MG il da RS SAA T

The impeller inlet conditions were calculated at the mean inlet diam-
eter using the air angle determined from the IGV blow test, measured
inlet airflow, total pressure (P.), wheel speed, annulus area, and a
blockage factor of 0.97. These ﬁata, coupled with the continuity
equation, established the inlet velocities and flow angles.

L L L o L

L TR L

] ! The impeller exit total pressure was estimated using the measured :
' temperature rise, wheel speed, airflow, tip static pressure, annulus K

i area, and a blockage factor of 0.90., This total pressure was used to -

calculate the impeller pressure ratio and efficiency as well as to

determine the inle’ onditions into the diffuser (total pressure,

l inlet Mach number, . d angle). The impeller slip factor (o) included
the shroud heating and windage which are part of the stage temperature
rise but it does not include the bulk of the backface windage:

AR e e M

|
i o = (Vu),/Uy (5)

The static pressure recovery and total pressure loss were calculated
for the diffuser as follows:

Cp = (pg - Pp)/ (B - pp) (6)
i where Cp = static pressure recovery coefficient

wy = (PD - PE)/(PD - pD) (7)

where w, = total pressure loss coefficient

d

TRAVERSE DATA

5 ! Traverse test data were obtained in the circumferential directicn
behind the axial compressor inlet gulde vanes and Stage 2 stator vanes.
These date were mass-averaged over two blade pitches in the circum-
ferential direction before making a second integration in the radial

] : direction. At each radial immersion, mass-averaged values were inte-

’ grated for mass flux, total and static pressure, total temperature,
Mach number, velocity, and fiow angle. The integrated results in the
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i the annulus. The inlet total temperature was used for the local 4
total temperature in reducing the axial inlet guide vane blow test 3
data. The Stage 2 stator exit traverse total temperature was deter- N
mined using the measured temperature, the calibration data for the probe :
recovery factor, and the local Mach number determined from the calcu-

‘ lated local static pressure and the measured total pressure. A simple

' straight-line method of integration was used, since a more precise

I method was not warranted and could introduce instabilities. The mass : 3
* flux term (pVR) was computed at each point using the expression ) g

3
Y 4
A k
4 p :
? i radial direction were calculated to determine the overall values of %
§ ; pressure ratio, temperature ratio, efficiency and airflow. The local 5
L values of static pressure were determined using the wall static El
g pressure and the design variation of static pressure ratio across 'g
: 2
E,- o
b

AT TR T

LR

| VR = (FETRT;) x py x Ry x My x [1+G-D i %/21t? @) ;
Eo : :
E i This value of mass flux was then integrated in the circumferential : i
;! direction: ¢ ]
H N —— n B N

PVR =i§£l/2)[(pVR)i + (pVR), 106, - 6, ,] 9) ; 4

The mass—-averaged values of total pressure were computed using the
expression

ETTEE RN R AT e W

= \a .
P, -31251/2)[(pv11)i x () + (PVR), _; x (Pi-l)][ei‘ei-l)] /oVR  (10)

R A

The mass-averaged values of total temperature, radius, static pressure,
: and angular momentum (rC,) were computed in the same fashion as the

: ' total pressure. The average air outlet angle was calculated using the
| mass-averaged angular momentum (rC,), radius, and the velocity. The

) mass-averaged total velocity was determined from the values of static
and total pressure and total temperature.

e

The radial traverse data were reduced using the measured total pressure,
flow angle, and temperature. The static pressure was calculated using i
the measured wall static pressure and the design variation across the :
) annulus. The probe recovery factors were determined from calibration
- test results.
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TEST RESULTS

AXTAL COMPRESSOR TEST (ACV)

Summary of Test Runs

The axial compressor vehicle was operated for a total of 48 hours 10
minutes during eight separate runs. An approximate breakdown of

time at various speeds for each of these runs is presented in Table 11,
and the stalls experienced during this testing are listed in Table 12.
Brief descriptions of the major events of each run follow.

Run No. 1 - 4/28/72 and 4/29/72

Mechanical checkout to 80% speed (49,500 rpm maximum physical speed)

with wide~open throttle valve. Vanes were locked in the closed position

for all of this testing. No mechanical problems were indicated, and
instrumentation and systems to be debugged were identified prior to

performance running. ’

Run No. 2 - 5/4/72

Completed mechanical checkout to 100% speed (61,000 rpm maximum
physical speed) with wide-open throttle valve. Checked out vane actua-
tion syster and no mechanical problems were indicated.

Run No. 3 - 5/4/72 and 5/5/72

Obtained performance data on the nominal vane schedule up to 100% speed
and stator optimization at 85% speed.

Run No. 4 - 5/8/72

Investigated bleed flow effects at 707 and stator optimization at 95%
speed,

Run No. 5 - 5/9/72

Investigated stator optimization at 100%Z. During this 1007% speed opera-
tion the aft bearing housing strain gage signals showed signs of dis-
tress. A slight increase in the aft bearing temperature, coupled with

these erratic stress readings, dictated that the vehicle should be 4

shut down for further investigation.
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TABLE 12, AXIAIL COMPRESSOR VEHICLE STALL SUMMARY
Vane Angle

Stall Run

No. % Speed IGV 1s No.
1 80 43 32.5 3
2 90 20.4 16.2 3
3 95 8.2 7.4 3
4 85 31 24.5 3
5 85 31 24.5 3
6 85 26 21 3
7 85 26 16 3
8 85 30 21 3
9 85 21 21 3
10 85 13 0 3
11 70 45 35.4 4
12 70 45 35 4
13 70 45 35 4
14 95 10 9.1 4
15 95 10 0 4
i6 95 10 5 4 ;
17 95 6 5 4
18 95 6 0 4
19 95 14 9 4
20 95 14 13 4
21 95 0 0 4
22 100 -2 0 5
23 100 0 5 5
24 95 3 7 8
25 95 14 6 8
26 100 3 5 8

Run No. 6 - 5/11/72

For this run, chip detectors were installed in the sump scavenge lines.
The vehicle was operated up to 85% and shut down when the aft bearing
housing strain gages and vibration pickups showed significant

activity. The aft sump chip detector showed some pickup.

Run No. 7 - 6/6/72

A short run was conducted to check out the facility drive motor.
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Run No. 8 - 6/7/72

i ' Investigated stator optimization at 95% and 100% speed. While operat-
‘ ing at 100% speed (61,050 rpm) the Stage 1 rotor blades failed,
terminating the axial compressor test.
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Mechanical Performance

The overall operation of the axial compressor vehicle was very smooth.
Maximum radial bearing squirrel cage motion was 0.0005 inch at the for-
ward bearing and 0.0008 inch at the aft bearing. The proximity probe
on the forward end of the flexible coupling indicated peak runout of
0.005 inch, of which 0.002 inch was base runout at low speed.

T R T FT
St e vt P

The peak frame vibrations occurred at 100% speed but were less than : 3
; 0.4 inch per second average velocity which is equivalent to 10 g's
[ peak acceleration. No significant rotor or stator criticals were ; ;
| observed during transient speed operation. i ]

[ The bearing temperatures and lube oil supply and scavenge tempera- : 3
5 tures were monitored throughout the test and compared to the maximum ‘ ;
| : allowable temperature values shown in Figure 42, The temperature limits : 1
i were established from a calculated point where the internal bearing clear- '
ance was zero at the maximem bearing design speed (66,000 rpm) and load.
The bearing thermocouples were quick to respond to speed changes, and the f
aft bearing temperature also responded to thrust load changes. ’ ‘

G T T T TR S T T T T Lt

Load cell performance prior to the bearing failure indicated that it ‘ |
was responsive to load changes, The load indicated on the strip chart P ;
showed variations from 150 to 350 pounds. These loads were later
verified by thrust calculations using actual pressure data. This was

E° f § surprising in view of the fact that the bench calibration and calibration
¢ , recheck after installation in the test vehicle did not correspond. This
difference in calibration was the prime reason for the load cell reading
to be questioned and not used in the automatic thrust control system.

PP FRISE Rt na

L L vt

After the bearing failure, the load cell was recalibrated, both on the
‘ bench and after vehicle installation, with good agreement. However, ,
v during the next run the load cell showed poor response to load changes. : :
: At the time of the compressor blade failure, the load cell did regis- ;
ter a high thrust load shift, indicating that it was still functioning.

o et i (e

: The stator vane control system provided tracking within 2° of the
. degsired schedule. This schedule was set up as a function of
¢ physical speed only, so there was some tracking error due to the tempera-
_ ; ture correction. However, all data was taken with the vanes trimmed to
i ‘ the corrected speed schedule.
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Figure 42, Maximum Allowable Bearing and Sump Temperature Differential.
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The stator vane strain gages showed very little activity throughout ]
the test, with stresses never exceeding 8,000 psi. Three of the six '
gages were lost very early in the test due to lead wire damage at the

vane spindle. The three operational gages were the two trailing edge

gages on Stage 2 and the inner spindle gage on Stage 1. Because of

O this low response the gage positions were changed for the subsequent

FCV-I test. :

o

e

R R o o sy

The stator vane strain gages provided a good stall indicator. At stall,
the stress signal went completely off the oscilloscope, which is typical
of a sudden DC shift probably caused by the rapid temperature change in
the air passing over the gage. 1In addition, the X-Y plotter displaying
the instantaneous flow and pressure ratio indicated stalls by a

sudden drop in pressure ratio.

¥

A e g

The microphone located at the compressor inlet was also a guod stall ‘
indicator with a general level increase at the point of stall. The -
sound picked up by this microphone was predominantly the passing fre-

quency of the Stage 1 blades (20 times the compressor speed); however,

at one point in the test while throttling at 85% speed, a 2000 Hz fre-

quency was noted on the microphone. This was identified as a possible :
first flex response of the first rotor blades, and investigation of that »
aerodynamic region was abandcned.
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The general operation of the facility and related systems was adequate;
however, some tripouts were experieunced with the electric drive system. A
A repair to a cooling fan motor corrected that situation. Of particular : ]
value was the rapid turnaround in reduced data from the on-line data
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acquisition system (about 20 seconds) for aerodynamic performance during
the stator optimization experiment.

Bench Frequency Testing

it sl STtk T L S ST IR S A

Blades: After the blisks were tip ground, each of the airfoils was

checked to determine the first mode frequency, and one airfoil from each
stage was checked for all modes up to 30,000 Hz. Campbell diagram
plots of these frequencies are presented in Figures 43 through 45

for Stages 1 and 2. The first mode is depicted as a frequency band
between the minimum and maximum measured frequencies and is corrected
for speed effects using a calculated correction factor.

Vanes: One vane from each of three vane stages was frequency tested.
For these tests the vane spindles were assembled in a holding fixture
with the same hardware used in the stator assembly. The inner spindles
of the IGV and Stage 1 vane were also restrained to simulate the com-
pressor configuration. The observed frequencies are plotted on
Campbell diagrams in Figures 46 through 48,

Rotor Assembly: As a check on the calculated rotor dynamics, the rotor
assembly was vibrated to deiermine the frequency of the first bending
mode. The assembled rotor (including the compressor rotor, balance pis-
ton and spline adapter coupling) was supported in V-blocks on rubber pads
to simulate a free-free mounting. The support points were at the two
bearing locations, bu*~ the bearings were not part of the rotor assembly.

The first bending critical was observed at 1778 Hz (106,680 rpm), The
calculated dynamic analysis for the same rotor configuration indicated
the free-free bending mode to be at 1735 Hz (104,102 rpm). This good
agreement between calculation and static test confirmed the analysis of
the vehicle contiguration.

Thrust Bearing Failure

Summary of Events up to Failure: The axial compressor vehicle was run
a total of 39 hours and attained a maximum speed of 61,000 rpm. For
the majority of this testing, vehicle operational characteristics were
excellent, as determined by vibration amplitudes and bearing tempera-
tures.

The bearing support squirrel cage strain gages indicated rotor radial
deflections of 0.0005 inch at the forward bearing and 0.0008 inch at
the aft bearing which are well within the 0.003-in. snubber gap of the
bearing supports. The bearing temperatures, which are monitored by
thermocouples mounted in the bearing housings and touching the outer
race outside diameters, were constant at steady state operating condi-
tions and showed good response to changes in speed and bearing load.
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Rotor thrust, which is controlled by varying the balance piston air
pressure and monitored by a load cell located in the aft bearing
housing, was varied between 175 and 350 pounds forward load with
the majority of operation at 250 pounds.

After 33.5 hours of operation, the vehicle was shut down when the aft
bearing strain gages showed an increase in noise level, and a 5°F

temperature rise was noted on the aft bearing. At this time chip .

detectors were installed in the lube scavenge system and testing was
resumed (Run 6). After an additional 3.2 hours of operation at 50%
and 70 speed, the chip detectors were inspected and found to he clean.
Testing was resumed at 85% speed, and after about 1.5 hours the noise
on the aft bearing housing strain gages had increased significantly
and the 1l/rev portion of the signal had increased from 0.0002-in.
radial deflectiorn co 0.0005 inch. A comparison of the bearing noise
level can be seen in the spectral analysis of the aft bearing strain
gage stress signal shown in Figure 49 after 8-1/3 hours of vehicle
operation and in Figure 50 after 38~1/2 hours (note scale change
between figures). Testing continued for 0.5 hour, at which time the
aft bearing 1/rev deflection was up to 0.0012 inch, the thrust load
cell readout became erratic and the vehicle was shut down.

An inspection showed that the aft bearing sump chip detector contained M50
bearing material while the forward bearing sump chip dete:tor was clean.
The aft bearing was removed and found to have failed.

Thrust Bearing Failure

Failure Investigation: The thrust bearing was removed from the test
vehicle and inspected by General Electric and MRC bearing specialists.
The bearing was found to have failled at the aft inmer race and balls,
and it suffered some cage socket damage (see Figures 51 through 53).
There was no perceptible damage to the outer race or the forward half
of the inner race. A check of the aft oil jJets (see Figure 54)
revealed that one of the two Jets was hitting the cage and had an
undesirable fan shape spray pattern. This poor pattern and orientation
would allow the inner race to run hotter, thereby reducing the bearing

contact angle and thrust load capability. -

The following bearing specifications were reviewed:

1.  ABEC-7. .

2. M50 Material for races and balls,
3. Outer land riding, silver-plated steel cage.

4, Split inner race.
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Figure 52. Closeup of Bearing Inner Race Damage,
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Figure 53. Closeup of Ball and Cage Damage.

Figure 54. Aft Bearing Housing and Lube Jets.
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5. 61,000 rpm operating speed, 66,000 rpm maximum speed.
6. 400-hour life at 100-1b thrust load.
7. 3000-1b transient thrust load.

An analysis of this design using the GE RECAP computer program showed a
calculated By bearing life of 354 hours at 150-1b thrust and 140 hours at
300-1b thrust load. The assumed radial load was 100 lb. Actual thrust
loads during the test were computed using measured pressures and revealed
a 250- to 300-1b load during the high-speed operation. The measured load
cell thrust level during the test was inconclusive because of the
unreliable and erratic operation of the thrust load cell.

Conclusions: The investigation concluded that the bearing failed from
excessive thrust ioad which was accelerated by the poor lube jet spray
pattern and orientation. The low bearing design contact angle of 15°
had little margin for poor cooling or overloads.

Recovery Plans and Preventative Action: The lubrication jet was repaired
by plugging and redrilling. A check of the repaired jet showed proper
orientation and spray pattern. Continued operation during the axial

test was carried out at reduced axial thrust loads (100-150 1b). No
further problems were detected over the remainder of the axial stage
test.

For subsequent tests, the thrust bearing iInner races were reworked to
increase the contact angle from 15° to 20°, This was accomplished
by changing the race curvature of 0.520 inch to a value of 0.515 inch
on the outer race and 0.525 inch on the inner race. The calculated

Bjg life for this design was 427 hours for 200 1b of thrust load at 61,000
rpm,

Rotor Blade Failure

Summary of Events up to Fallure: Axial compressor testing was
terminated 6/8/72 when the compressor failed during operation at 100%
corrected speed, resulting in extensive damage to all blading.

During the final run, the compressor map at 957 and 100% speeds was
being determined. Two speed lines at 95% and one at 100% (including
stall points) had been completed. The 1007% speed line with the IGV
set 4° open and the Stage 1 vane 5° closed was being investigated
when the failure occurred At the time of failure the compressor
was being stabilized for a data reading at 61,050 rpm. The only
change being made was adjustment of the CDP seal pressurization air
for zero leakage.
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When the failure occurred the compressor went up in speed to a point
where the facility drive motors were shut down by the automatic over-
speed trip~out system. Strip chart trace recordings of the event indi-
cated a 3500-rpm speed increase in 3 seconds and a coast down to zero
speed in 78 seconds after the fajlure. The trace from the X~Y recorder
of pressure ratio versus flow indicated an immediate drop in pressure
ratio, as did the strip chart trace.

Failure Investigation: Inspection of the vehicle after the failure and
during teardown revealed the following:

1. The IGV's and Stage 1 stators were completely closed (beyond
the actuator system travel) (see Figure 55), The IGV levers
were pulled out of the actuator ring (see Figure 56)., The
Stage 1 levers appeared to be in the normal closed position
but the levers were twisted on the vane spindles.

2. All paxts of the inlet protection screen, bellmouth, and bullet-
nose were in position. Debris from the compressor was lying
in the bellmouth and screen.

3. The drive motors were disconnected from the vehicle due to a
shear pin failure between the motors and drive. (Review of
the speed signal indicates this failure probably occurred
when the compressor stopped.)

4, The compressor could not be rotated.
5. The aft bearing had failed.

6. The rotor was 0.040 in. forward of the buildup position with
evidence indicating it had moved 0.082 in. forward of the
buildup position.

7. With the exception of the airfoils, all of the compressor and
vehicle hardware was located.

8. Airfoil damage was as follows:

Stage 1 rotor blades were all broken off near the root. No large
pieces of these blades were found (see Figure 57).

Stage 2 rotor blades showed heavy damagu with evidence of

fatigue failure at the trailing edge tip corners (see
Figure 57).
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Figure 56. Outer Casing View Showing Damaged IGV Levers.
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IGV's were bent and some torn by debris coming forward (see
Figures 58 and 59).

Stage 1 vanes were nicked and torn at the leading and trailing
edges (sece Figures 58 and 59).

Stage 2 vanes were nicked at the leading edge with evidence
of tip rub on the rotor (see Figures 58 and 59).

Four possible causes of failure were identified:

Stage 1 blade failure was caused by high stress throttling to
stall or stall stresses which would produce a fatigue failure
in the first flexural mode.

Stage 1 blade plate mode failure excited by the IGV or Stage 1
vane passing frequency stimulus, This type of failure could
result in loss of a portion of the blade, causing subsequent
additional damage.

Stage 1 blade root tensile failure caused by high end-effect
stress coupled with low material properties.

Stage 2 blade trailing edge tip fatigue failure, causing sub-
sequent additional damage.

Investigation conducted immediately after the failure and during disassem-
bly of the vehicle ruled out the possibility of foreign object damage,
facility malfunction or bearing failure as the cause. The major thrust
of the failure investigation had been toward stress determination and
material properties of the rotor stages.

In order to determine the cause of the failure, a detailed work plan was
established to carry out the following tasks:

Fractographic analysis.

Material analysis:

a. Micro analysis.

b. Tensile tests.

c. Fatigue tests of blisk blades.
d. Chemical analysis.

Stress analysis:

a. Stage 1 blade root stress.
b. Review of potential stall stress levels.
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Figure 58. Stator Casing Half (FLA).

1 Figure 59. Stator Casing Half (ALF).
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| : i' c. Passing frequency excitationm.
7. d. Stage 2 blade mode shapes.
e. Residual stress measurement.

: 3 4. Conclusions: The results of the fractographic and material
; ; analysis are summarized in the following discussion.
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;oo . Fractographic Analysis: A fractographic analysis was carried out using

- a scanning electron microscope (SEM) and a replication technique with a
conventional electron microscope. This analysis examined the fractured
surface of the Stage 1 root and the Stage 2 tip corner.

e T RN R R A e e S

F o The SEM examination of the Stage 1 fractures revealed only tensile

] : dimpling and quasi-cleavage, and no evidence of fatigue (see Figure 60).
Since fatigue was suspected as the most probablc cause of failure, a

: replication technique was carried out for some suspicious areas. The

i : replication method found fatigue striations emanating from subsurface
L inclusions. One inclusion site was quite large (0.008 in. x 0.015 in.);
l ' however, other inclusion sites were of normal size for the AM355
material. The fatigue striation count was 100,000-240,000 lines per
inch and is indicative of high cycle fatigue. See Figure 61 for

typical results. It was apparent that the mean stress was high

because only a small fatigue area was generated before tensile separa-
tion occurred.

T

A chemical analysis of the inclusion was made using the electrom
diffraction analysis method. The inclusions were identified as manganese
sulfide.

SR o A S T L B e N R o ST £ ke S

PRCCI S

The investigation of the Stage 2 tip corner fracture revealed fatigue
beachmarks that were visible microscopically. The SEM analysis of the
No. 3 blade tip corner could not confirm the fatigue evident from the
microscopic examination, and it was possible that the surface was
damaged by rubbing prior to fracture, so another blade was selecte for
SEM analysis. The No. 12 blade was selected for its clear beachmarks.

% It showed that the fracture initiated from the trailing edge convex
: side and propagated to the concave side to fracture at the tip corner.
£ . Striation counts were not possible because of rubbing damage to the

fracture surface,
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The Stage 2 trailing edge tip corner fractures were not necessarily

secondary damage from the Stage 1 blade failure. They may have failed ‘
1 from a high order plate mode, so possible passing frequencies were :

reviewed and a check was made for possible Stage 2 mode shapes.
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Material Analysis: A group of micro samples were taken from the Stage 1
and 2 blisks to determine chemistry, hardness and grain structure. The
chemistry and hardness met the AM355 specification requirements. The
structure had ferrite stringers and sulfide inclusions, but they were
within the material specifications.

HPR I 5

Farte Ba Avwran

. P 2 sl i
g o L i ex ) gy bt et 5
A oo 0 et S i L S S e R s ;



e L et Al s e PP TR T I T Ry e v

R .

{
'
d ' 3
&
o ; 8
S Remarks: View of typical tensile dimpling and quasi-cleavage in tensile
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S Figure 60. SEM Examination of Stage 1 Blade Stub -
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Remarks: Fatigue striations present 0.004 in. from surfaée origin of LCF ?
crack. Striatfon density is approximately 180,000 lines/in. }

Figure 61. Fatigue Striations in A286 Material - 5000 X Magnification. ]
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Small tensile specimens were cut from the failed Stage 1 blisk to
determine the tensile strength and ductility properties of the
material. Four radial specimens and two axial specimens were tested.
As shown in Table 13, only the elongation of the radial specimens is
slightly below specification.

TABLE 13. TENSILE SPECIMENS

Tensile Reduction
Strength (psi) Elongation (%) In Area (%)
Average of 4
Radial Specimens 173,000 11.8 29.7
Average of 2
Axial Specimens 171,800 15.2 49.9
Specification (Minimum) 165,000 12 25

The forging used for the Stage 1 blisk was accepted with a discrepancy in
material properties in the transverse (radial) direction. The reported
properties were 161,000 psi tensile strength, 8% elongation, and 8%
reduction in area. The sample used tv determine these properties was
taken from the central portion at one end of the pancake forging where
less material working would be introduced in the forging process, thus
resulting in lower properties. A macroetch of the failed rotor disks

indicated essentially axial grain flow, hence little upset in the forging
process.

An AM355 blisk sample was fatigue tested in the first flex mode. This
blisk was manufactured by the same vendor, using the same process as

the axial-centrifugal compressor blisks. The results of this test were
compared to fatigue tests of blade samples machined from AM355 bar
stock, and design book data for AM355 material properties. The fatigue
testing was controlled by aijusting the blade vibratory tip amplitude
for each data point. A correlation of stress versus tip amplitude was
obtained from one strain-gaged blade. The average failure tip amplitude
for the bar stock blades was 0.1017-in. double amplitude and for the
blisk blades 0.0750-in. double amplitude. These amplitudes corresponded
to stresses of 81,500 psi and 60,000 psi respectiv:.y, as compared to a
minimum value of 68,000 psi quoted by the design book. The actual
stress level could be slightly higher if the strain gage was not located
exactly on the high stress point. However, relative fatigue strengths
obtained directly from the tip amplitude values should be valid, and
indicated that the blisk blades are significantly weaker than the blades
machined from bar stock.
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The chemical analysis of the AM355 material was determined spectro~
graphically. The results are shown in Table 14,

TABLE 14, AM355 CHEMICAL ANALYSIS

Element Mn Si Cr Ni Mo c
Stage 1 1.2 .39 15.5 4.3 3.05 Not determined
Stage 2 1.2 .42 16.0 4.25 3.25 Not determined

Specification .5/1.25 .5 max. 15/16 4/5 2.5/3.25 ,10/.15

These analyses confirm that both blisks were made from the same heat of
material and met the General Electric material specification.

Stress Analysis: The Stage 1 blade root stress distribution was
recalculated using a three-dimensional irregular structural element
stress and deflection computer program. A peak stress of 107,000 psi
was calculated at 30% chord on the concave surface for centrifugal
loading. The estimated peak stress immediately above the root fillet
was 128,500 psi. This peak stress included the gas loading forces
and a stress concentration factor for change in cross-section at the
blade root. From a Goodman diagram, the allowable alternatiag stress
for minimum material was 26,000 psi.

Strain gage data recorded on a rimilar axial compressor was reviewed to
determine if regions of high vibratory stress could be identified. Areas
of interest included a Stage 1 blade separated flow condition at
approximately 857% speed and also stress levels during high speed stalls.

The separated flow stresses peaked at 12,500 psi which at 85% speed is
not sufficient to produce failure. It is possible that this stress
could be higher in the axial compressor due to different vane schedules.

A review of the test history indicated that operation in the 85% speed
region was accomplished early in the test plan. Because of the extensive
testing at higher speeds that occurred after this 85% speed, stresses

at 85% speed were not a probable cause of the failure.

The maximum speed stall observed during stress coverage of this similar
compressor was at 90% speed. At the moment of stall the stress peaked
at 7500 psi. Once again, this stress was not high enough to produce
failure; however, as specd was increased the magnitude of the stall
stress would increase due to the higher blade loading. It was possible
that the 11 stalls at 95% speed and 3 at 1007 speed were of high enough
level to initiate the failure,
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A similar Stage 2 blisk was tested to determine mode shapes that would be
sensitive to trailing edge tip cracking. This test indicated that the
6th and 9th modes have nodal lines across the trailing edge tip. These
modes occurred at 21,600 Hz and 27,500 Hz in the Stage 2 blade.

Neither of these modes was coincident with a per-rev excitation at the
failure speed. Possible excitation of the 7th mode could occur at

55,000 rpm (approximately 90% speed) by the 26 Stage 1 vanes.

The residual surface stresses were measured for a similar AM355 blisk by
using an X-ray diffraction method. The results showed a 112,000 psi
residual compressive stress. This residual surface stress may account
for the subsurface fatigue origins.

Conclusions: The Stage 1 blade failure was rfatigue resulting “rom
excessive vibratory stress at high speed. The mechanism which produced
the high vibratory stress was probably high speed stall or throttling to
stall at high speed. The AM355 material was below average in properties
but not below the material minimum requirements.

The Stage 2 trailing edge tip corner had failed from fatigue, but it was
not clear if the fatigue was a result of the Stage 1 blade failure.
Evaluation of possible plate modes did not reveal any coincident per-rev
excitation at the failure speed.

Aerodynamic Test Results from Axial Compressor Test (ACV)

The performance map of the axial compressor was obtained for the pre-
dicted nominal as well as other stator schedules for the purpose of

performance optimization. The stage characteristics and effectivities
of the stages were computed from the test data. Also included in the

test results are the casing static pressure data and the intercompresso:
duct profile data.

Nominal Stator Schedule Performance

The performance map of the axial compressor operating with the nominal
stator schedule is shown in Figure 62, It may be observed that at 100%
corrected speed, the predicted stall pressure ratio was not attained,
although the operating line pressure ratio was reached at approximately
3% higher flow. The peak efficiency at 100% speed for the nominal
schedule was 78.5%, which is approximately 4-1/2 points lower than the
objective. At lower corrected speeds, the efficiency gap increases,

as may be seen from the map in Figure 62.
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! : Figure 62, ACV-I Axial Compressor Performance Nominal Stator Schedule.

A

Variable Stator Schedule Perfurmance } |

: . The compressor periormance for different IGV and Stage 1 stator settings

L was plotted in Figures 63 through 66. It was clear that a marked improve-
- ; ment in rfficiency was achieved. At 100%Z corrected speed, the optimum ;
3 : closure was for IGV 3° closed and S1 5° closed. At 95% speed, the optimum '
3 : efticiency was achieved at an IGV and an S1 setting of 3° and 7° closed
respectively. At lower speeds it appeers that the most efficient

range of the compressor was close to the 100% corrected speed design
setting. With tle optimized closures, the efficiency of the com~

pressor was within 2 erccntaze points of the predicted efficiency at
design speed. This tendency anpeared to persist ~t lower speeds although
sufficient data wus not take: to optimize stator schedulc below 85%
corrected speed.

Because of the flow-speed characteristics of the ccmpressor, the optimum LA
: axial compressor schedule could not be used, Therefore, an optimized |
¢ stator schedule was derived from tliie axiel and centrifugal compressor i
f performance conciderations (c:e Figure 67). This modified schedule
: shown in Figure 6% was used Juring the subsequent combined compressor
! test FCV-I.
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Effectivities

The stall performance of an axial compressor stage has been related to a
stall aspect ratio parameter (SARP) and the effective static pressure
rise coefficient (Ap/q) at stall. The SARP is defined as a function

of aspect ratio (c/h), solidity (0), and outlet air angle (R2):

SARP = ¥(c/h) x (0/CosBj; 11)

The ratio of the effective static pressure rise, averaged over the stage,
to the effective static pressure iise coefficient at stall is defined
as the stage effectivity:

Effectivity = (Ap/q)/(tp/q) (12)

stall
The eftectivity is used as a measure of the potential of the stage to
produce a static pressure rise. At the design point, the effectivity is
less than unity and is equal to unity at stall for the limiting stage.

The effectivity was calculated for each axial stage using test results
obtained at 100%, 95%, and 852 corrected speed. These results for the
optimized stator schedule are shown in Figures 69 through 71. At 100%
corrected speed, the first stage effectivity is close to the design
value at the design pressaure ratio of 2.5:1 but the second stage is
somewhat below the design intent (see Figure 69). Further throttling
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at 1007 speed to a 2.577:1 pressure ratio raises the first stage effectivity
while the second stage effectivity remains below the design intent. ! e
This trend would indicate that the first stage outlet flow profile is
inhibiting the second stage static pressure rise. The results for 95%
and 857 corrected speed indicate a drop in second stage effectivity as
the axial compressor is throttled toward stall (see Figures 70 and 71).
This is another indication of an adverse flow profile from the first ax-
ial stage. The low absolute levels of effectivity at 85% corrected :
speed are a result of the large amount of closure of the variable i
stators,
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Stage Characteristics i

The stage characteristics of pressure coefficient, flow coefficient, and
stage efficiency were calculated from the measured wall static

pressures, total temperatures, and airflow. The actual characteristics i
are calculated using the following expressions: ‘

e e e e

Work coefficient

2
V= (1, - T) (28 3C,/U, ) (13)

e e e

ok W s et e ntse ben

124

S — iy

b B it b A2 i e I Rk i




~y
N ok

——t

Pressure coefficient
y-1

v o e oo YA | x egae vl s

f ? Flow coefficient

where VZl is the axial velocity calculated at the design stator setting
Ul is the wheel speed at the inlet pitch line

B e T GLRE ORI S L S L SO

. Coe isherefore, the stage efficiency (n) is
’ | n=y'/y (16)

A The characteristics are normalized to correct for variable stator opera-
i tion using the following expressions:

l 6 = 1 :

N 1/¢ + Tan Bl ~ Tan (Bl + AR) 7, :

where Bl = design exit flow angle (previous stator)

rtgall NGl e o,

5 ? AB = chamge in stagger (previous stator) §
by =¥ - G/ (18) :
Py =N Wy (19)

The stage characteristics calculated from the ACV test data were plotted
in Figures 72 through 74 for both stages at 100%, 95%, and 85% corrected
speed. All of the various stator schedules were included since normal-
ized values of work coefficient and flow coefficient were plotted.

s & ok Gl b

o These results at 100% corrected speed indicate that the work input of the

* first stage was higher than design and the efficiency was about four

L, points low (see Figure 72). The second stage results indicate that the

* work input was a little below the design intent, but the efficiency was ¥
at the design objective level. These results identify a deficiency in '}
the first axial stage which was also apparent in the effectivity results.
The fact that the second stage work input is somewhat low may be due

. to the flow profile from the first stage. The test results at 95% and
85% corrected speed show a similar trend (see Figures 73 and 74). The
wider scatter of test data at 85% corrected speed is a result of the
large variation in stator settings which were tested. The range of vane
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angles at 95% and 1007 corrected speed was less than at 85% corrected
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speed, and the data tended to group closer using this simplified ncrmali-
zing procedure.
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Casing Static Pressure Distribution

g Tt

I ; The casing static pressure distribution is based on the static pressure

. change across the blade row,which is negative for an inlet guide vane
i . and positive for rotors and stators. Static pressure data at 1007%

: corrected speed and 2.5:1 overall total pressure ratio are plotted in
Figure 75. These results indicate good agreement with the design intent.

B Intercompressor Duct Flow

B - i
1 . Figures 76 through 78 show the radial flow distribution at the centrifugal 3
i compressor inlet (Plane C) measured during the traverse test for 100% and :
{ . 95% corrected speed. The total temperature traverse test data is shown
b in Figure 76 along with the design objective radial temperature profile.
L The test data temperature level is higher even though the pressure ratio
l . was 2.46:1 versus the design value of 2.5:1. The general shape of the i
. temperature profile is similar to the design intent. A review of the
o stage characteristics shown in Figure 72 reveals that this higher work
| ; input is occurring in the first stage axial rotor.

P R T g

L The 100% corrected speed total pressure and angle traverse test data are
L shown in Figure 77 along with the design intent, The total pressure in
P the outer third of the annulus indicates a below-objective level; hence, a
' region of low efficiency. The angle data are peculiar because of the
low swirl at the casing and high swirl at the hub. The high level of

3 ¢ hub swirl was a concern since it may have been generated by the drag of
3 [ the rotating hub wall or by separation in the stage two stator. Another
; & possibility for this angle variation would be bias of the *traverse

. results caused by a stator vane wake, since only one radial location was
{ surveyed., The total pressure and flow angle test data at 95% corrected
|k speed are shown In Figure 78,where a similar total pressure and angle
P variations were observed.

i Axial-Centrifugal Compressor Considerations

The axial compressor test demonstrated a wide range in flow-speed charac-
teristics by use of the variable stators (see Figures 63, 64, and 65).

The efficiency of the axial compressor was about 2 points below the ob-
jective level, but since the axial compressor produced about 25% of the

. overall enthalpy rise, it only influenced the overall axial-centrifugal
efficiency by 1/2 point. The flow-speed characteristic was adequate for
matching with the objective centrifugal stage. It was judged not worthwhile
to redesign the axial compressor for a higher efficiency because of the un-
certainties this would introduce in the matching with the centrifugal com- !
pressor relative to the small potential gain in overall efficlency. Of

greater interest were matching effects and vibratory stress data on the

axial compressor blades over the range of operation contemplated for the :
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axial-centrifugal component test.
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Figure 78. ACV-I Plane C Traverse Data.

For these reasons, it was decided to

use this aero design of the axial compressor for the FCV-1l axial~-
centrifugal component tests.

CENTRIFUGAL IGV BLOW TEST

Summary

The test was performed in two runs on 11 and 14 November 1972 in the

Evendale Aero Component Laboratory Test Cell A8W.

Test data was

obtained using the standard shroud and casing instrumentation plus the
15~element Plane C wake rake and the 3-parameter Cobra probe used in

the ACV

test. Test data were obtained at the following conditions:
Nominal IGV getting at airflows of 2.34, 2.06, and 1.5 1lb/sec.
~-5° IGV setting at airflows of 2.34 and 1.5 1lb/sec.

+5° IGV setting at airflows of 2.34 and 1.5 1b/sec.

-10° IGV setting at airflow of 2.37 1b/sec.
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The test data for each condition obtained wake rake readings at seven
immersions (5%, 10%, 30Z, 50Z, 70%, 90%Z, and 92% from tfn) and a
Plane C Cobra probe traverse for angle, total pressure, and tempera-
ture. The principal function of the Cobra probe was angle, since
total pressure was derived from the wake rake survey. Thore were no
problems on this test, and all planned test data were obtained. A
total of 68 full data points were logged during the test.

Aerodynamic Test Results

The inlet guide vane for the centrifugal component vehicle was tested
over a representative range of flows and stagger settings to deter-

mine fits loss characteristic. The test consisted of selecting values
of airflow and inlet guide vane stagger tnat would encompass the range

contemplated for the CCV component test. At each test condition, a tra-
verse was made for angle and total pressure at a plane that corresponded

with the leading edge of the impeller (see Figures 79 through 86).

The test procedure was to set the design airflow (2.34 1b/sec) and

design inlet guide vane stagger and then radially traverse in succession the
Cobra and wake rake. Perturbations in inlet guide vane setting of -10°,

-5°, and +5° from nominal were also made. Then, at the nominal inlet
guide vane setting, airflows of 2.0 and 1.5 1lb/sec were checked. The
wake rake traverse was weight-averaged in the tangential direction to
give an average total pressure for each immersion and then integrated
in the radial direction to give a total pressure recovery coefficient
for the test configuration.

In Figures 80, 82, 84, and 86, the results are plotted for varying the
inlet guide vane stagger from +5° to ~10°, in increments of 5°, at
design airflow. In Figures 81, 83, and 85, similar data at stagger
settings of +5° and -5° are shown for a nominal airflow of 1.5 1b/sec.
A kink was observed in the sngle traverse data near 157 annulus height
for the nominal IGV setting at 2.08 1b/sec airflow (see Figure 80).
This angle variation was not evident in the data for higher and lower
airflows for the nominal vane setting, and it is attributed to an IGV
wake influencing the Cobra probe. A similar varjiation was observed

near the casing for the -5° IGV setting at 2.36 1lb/sec airflow (see
Figure 82).

The profiles at nominal stagger and an airflow of 2.08 1lb/sec are pre-
sented in Figure 80. Figures 79 through 81 demonstrate respectively,
the effect of reducing airflow at nominal inlet guide vane setting,

Aerodynamic Analyses

The results of weight-averaging the profiles to determine a total
pressure recovery coefficient for the configuration are shown in
Figure 87. It is apparent that the nominal stagger condition represents
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Total AP/P and Absolute Angle vs Annulus Height.
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the minimum loss condition and that perturbation on either side of this
gsetting results in increased loss. The design point total pressure

loss was 0.014,and this is close to the measured loss of 0.136 at the
design airflow and vane setting. A comparison of the measured and
design total pressure loss acroas the annulus is shown in Figure 79. The
measured losses were higher near the inner and outer walls and lower at
10%Z to 88% of the annulus height. Also, the measured air angles were
lower than the design values near the casing and to a lesser extent near
the hub (see Figure 79). A data match was carried out to calculate

the wall static pressure using the measured airflow, total temperature,
angle, total pressure, and design blockage. The calculated wall static
pressure from the data match is shown in Figure 88 along with the measured
wall static pressure data. Some deviation in the profile was apparent
as the flow approached the measuring station. This indicated incipient
separation downstream of the traversing station due to the diffusion re-
quired to bring the static pressure to ambient. This situation would
not prevail if an impeller were present, The total pressure traverse
data indfcated that the region of high loss does not convect very far
into the flow during this blow test. 1In an actual component test, the
presence of the impeller will alter these downstream conditions so the
separation observed in the outer 10% of the flow path should not occur
and the predicted and measured wall static pressures should agree.

This departure of the flow from the design intent, because of the higher
blockage in the plane of the traverse, is the reason the air angles are
lower during the test.

e

S R

The intercompressor duct employed during the blow test was somewhat differ-
ent in contour from the configuration employed in the centrifugal compo-
nent vehicle. The blow test duct had a hub radius zt Plane C of 1.34
inches versus a value of 1.25 inches used in the CCV-I component test.

The blow test duct had been configured for another impeller design than was
actually used for the CCV-I component test. To explore the compatibility
of the measured angles presented in Figure 79 or with those required by

the design, a "data match" was undertaken using the aerodynamic design
program. The results of this '"data match" were plotted in Figure 89

for the measured and deduced angles at the traverse plane and inlet

guide vane exit. The deduced angles were compared with design intent,

and a general underturning of the flow over the entire span was indicated.
This was especially true at the outer wall, where the magnitude of the under-
turning was in the order of 6.5°., The difference in inducer relative angle
due to this underturning was small, The main objective of the test -

to establish total pressure recovery characteristics ~ was fully met.
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AXTAL IGV BLOW TEST

Aerodynamic Test Results

The axial IGV test was also performed in Cell A8W of the Evendale Aero
Component Laboratory using the repaired axial compressor casing and IGV's.
The test was completed in two runs on 14 and 17 December 1972, 3

The test was run for an airflow of 3.08 1b/sec
20.6° and for an airflow of 4.1 1b/sec at vane
10° and -6.5°, Vane angles were set using the
were used for the vane angle bombsight checks.

ELRRE Rt S e T

at a vane setting angle of

setting angles of -~1°8',

preset pin locations that .
This pin was installed :

through a precision hole in the vane actuator ring and into slots

machined in the compressor casing.
place with a tiercod.

The vane ring was then locked in

Data were gathered for each setting at 21 locations spaced at 2° inter-
vals of the centerbody instrumentation from an initial set point between

vane wakes.
wake trough.

Some additional points were also recorded to define the
At each circumferential location the five angle sensors

were nuiled separately and a full data log was then recorded at an
average rake angle setting for total and static pressure data. A

total of 99 full data points were recorded during this test.
lems were encountered with internal choking in the test setup downstream
This choking occurred near the minimum
casing diameter and centerbody used for the rakes, and it restricted the
Special casing hardware should be con-
The flow levels that were

of the measurement station.

maximum airflow to 4.1 1b/sec.
sidered on future blow tests of this type.

Some prob~

achieved for this test were deemed adequate to define the IGV perfor-

mance.

Figures 90 through 100 show circumferential distribution of air angles and
total pressure loss coefficient based on exit dymamic head, for various

immersions and IGV closure settings.

In addition, plots were prepared for

spanwise distribution of air angle and total pressure loss as well as
measured angle relationship with the IGV setting for tip, mean and hub

streamlines.

Contours of outlet flow angle were plotted in Figures 101 and 102 for

the test results at -1°8' and 10°, respectively.
of vane total pressure drop is shown in Figure 102 for the -1°8' data

set. The vane wakes were readily observed en

The contour plot

these contour charts. The

warp in the trough of high pressure drop shown in Figure 103 approximated
the twist of the trailling edge of the inlet guide vane.
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Aerodynamic Analysis

e,

The data obtained during the IGV blow test showed approximately 6°
overturning at the hub,decreasing to 2° at the tip., This phenom-

enon was similar at all IGV settings, as may be observed from Figure 90.
Consequently, an analysis was undertaken to determine its cause. This
analysis was directed at determining the secondary flow effects from

the variable circulation required by the design across the blade span.
Secondary flow considerations from the prescribed outlet swirl distri-
bution will tend to overturn the flow near the hub and underturn the
flow near the tip. The presence of inlet boundary layers will further
underturn the flow near the tip. At the hub, the inlet boundary layer
will tend to offset the secondary flow from radially increasing circu-
lation; however, the boundary layer effects are localized near the
annular walls. The amount of turning from secondary flow was calculated
to be 2° of underturning at the tip and 1° of overturning at the hub.
This secondary flow effect could not provide a satisfactory explanation
for the amount of measured hub overturning. A conclusion was reached
that the hub probe could have given biased readings throughout the test.

Other factors that could account for some of the observed angle varia-
tion are the modification to the 63 Series vanes to permit anti-icing
along with the very low cambers required near the hub of this deaign.
Cascade data on this type of airfoil would be useful in understanding
the observed angle variations. The angle variations from design would
not explain the higher observed loading on the stage 1 rotor shown in
Figure 75 since the change in inlet angular momentum is in the opposite
direction and the change in the inlet relative air angle is small.
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The data obtained regarding the total pressure loss across the IGV,on
the other hand, was very satisfactory. Figures 92 through 96 show the
circumferential distribution of total pressure loss coefficient and

flow angle at various immersions for -1°8' vane closure settings.

Figure 100 shows the integrated loss coefficient as a function of IGV
closure. At the nominal IGV setting, the total pressure loss is 0.04.
This is slightly higher than the assumed design value of 0.03, but this
increase in loss represents a negligible loss of efficiency at the 2.5:1
design pressure ratio.

CENTRIFUGAL COMPRESSOR TEST (CCV-I)

Summary

The centrifugal compressor vehicle was operated for a total of 23 hours

10 minutes. An approximate breakdown of time at various speeds is pre-

sented in Table 15. Five stalls were observed on this vehicle: one each
at 50%, 75%, and 85% speed and two at 90% speed.

The testing was accomplished in two runs; the first run on April 17 and

18, 1973 accumulated 10 hours of operation and the second run on April 18

and 19, 1973 logged 13 hours. A maximur physical speed of 53,400 rpm
was reached with no major mechanical problems arising throughout the
test L

TABLE 15. CENTRIFUGAL COMPRESSOR VEHICLE TIME SUMMARY
Speed Time
(%) (hr:min)
Less Than 75 6:50
75 2:41
85 4:02
90 2:35
95 4:29
100 2:33
Total 23:10

T7he initial run tested up to full corrected speed and obtained 33 data
readings. These data were at the nominal IGV position and included
partial speed line mapping at 75%, 85%, 95%, and 100% corrected speed.
Vaneless space bleed and Plane B (centrifugal inlet) bleed effects were
evaluated. The second test run evaluated the +5° vane positions at
90%, 95% and 100% corrected speed and completed the speed line

mapping for the nominal vane position. The Plane E wake rake data
(centrifugal discharge) was also obtained for the nominal vane setting
at 90%, 957%, and 100% corrected speed.

There were indications from the impeller touch probes of incipient
shroud rubbing at high RPM'u:, so stalls at 95% and 100% corrected speed
were avolded.
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Mechanical Performance

R e T

The centrifugal component test was completed with no major mechanical prob-

lems; and like the axial component test, it had a very smooth operation.

The maximum peak-to-peak bearing squirrel cage motion was 0.0008 in. on

! the forward bearing and 0.0010 in. on the aft bearing. The proximity

probe on the forward end of the flexible coupling indicated a maximum run-

out of 0.002 in. The peak frame vibration occurred at 100% speed, but it

was less than 0.5 in. per second average velocity which was equivalent .
to 11 g's peak acceleration.

TP F I S e o S g

|
J The load cell hook up was changed from the previous ACV test. The ACV
a ( test used 16 strain gages to make up 2 bridge circuits of 8 gages each. *
This was modified for the CCV-I test and all subsequent tests where 12
! strain gages were used to make up 3 bridge circuits. A schematic of these 3
| circuits are shown in Figure 104. The ACV test had one active gage on
1 : each of the three support posts of the load ring. This hookup srovided
f an automatic averaging of the load in the three posts bucr it had erratic p
! signals during that component test. The arrangement for the CCV~I and
: subsequent tests used two active gages on the same post for each bridge
| and measured the load of one post. The total load was obtained by summing
‘ the three readings. The three bridge circuits did not have the erratic
signals observed on the ACV test and provided a reliable measure of /the
bearing thrust load. The three load cell outputs were summed and used
as feedback for the thrust controller. 1In addition, each of the three
: outputs was monitored on a digital volimeter and periodic thrust calcu-
g | lations were made using the vehicle pressures. While each of the three
load cell outputs did not follow the same pattern, the sum of the three
showed consistency with the calculated load.

TR TR T -

bt |

In order to produce sufficient forward thrust at lower pressure operating
points, the vent cavity discharge was capped. The aft bearing seal air
pressure was also increased to prevent vent cavity air from bleeding into

the aft sump.

The impeller shroud touch probes indicated several contacts during
transient speed increases and during stalls, To minimize risk of a
shroud rub, all speed increases were made very slowiy and the high
speed stalls were deleted from the test plan. Examination of the
shroud at teardown after the test indicated very light rubbing toward
the impeller discharge with the touch probes worn flush to the shroud
surface.
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Bench Frequency Testing

Impeller: All of the impeller vanes were frequency checked for the
; first natural mode, and one full blade was checked for all modes up to ;
| 3 30,000 Hz. The first mode measured frequency band and its relationship
to a four per rev stimulus was plotted in Figure 105.

T e

Inlet Guide Vanes: Two centrifugal compressor inlet guide vanes were .
tested to determine natural frequencies and mode shapes. For this

test the vanes were mounted in a support block using the same spindle
hardware used in the compressor assembly. The vanes were excited

using an electromagnetic driver and the nodal lines traced out with

a hand-held pickup. The nodal patterns were sketched in Figure 106, and
the natural frequencies were plotted in a Campbell diagram in Figure 107.

s 3

N R, YT T T I 1

TRETY

R REE N

Az - ' mi: Test Results

O

The overall performance map at nominal inlet guide vane setting was
plotted in Figure 108 for a corrected speed range from 85% to 100% NG

The compressor was throttled from deep choke to stall at 50%, 75%, 85%,
and 907 corrected speed. Elsewhere, throttling was terminated within the
; . stall boundary. At 100%Z corrected speed the maximum pressure ratio

i : recorded was 6.09:1 for the IGV's 5° open, a corrected flow of

; ' 97.5% of design and an overall efficilency of 0.736 (see Figure 106).
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Figure 105. Campbell Diagram for Impeller Vane.
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Figure 109 shows a plot of choke fl)w versus corrected speed for nominal
inlet guide vane sgetting,

A plot of shroud static pressure versus meridional distance was pre-

pared in Figure 110 for 100%Z speed showing the effect of throttling

1 . from choke toward stall. It can be noted that at choke condition

; there was dip in the profile in the inducer. This was due to

; the high~velocity negative-incidence flow in the inducer. As the com-

i : pressor was throttled and the inducer was on a more positive incidence, .
a higher degree of diffusion and consequent rise in static pressure |
occurred, In the outer region of the impeller, the gradient of static !
pressure was determined by the gtrength of the rotating gravitational i
] ‘ field which was largely independent of flow. Therefore, the profiles -
;! were predominantly parallel in the outer region, and changes in static i
pressure were confined to the inducer. i

T R T

A s L

The inlet guide vanes at the nominal setting Imparted prewhirl to the
flow in the direction of rotation, The effect of closing the inlet
guide vanes increased the moment of momentum of the flow in the nega-
tive direction. This unloaded the impeller. The converse is true of
opening the inlet guide wvanes, Figure 111 demonstrates this

effect, where the pressure distribution was plotted for nominal and
+5° gettings of the inlet guide vanes at 100% corrected speed.

PP

) The gradient in static pressure for a centrifugal force field can be
l shown to be primarily a function of radius and the square of the angular

' velocity. Therefore, the slope of the shroud static pressure profile
should increase with both radius and corrected speed. This was clearly
seen in Figure 112 where the pressure is plotted for increasing corrected
speed at flows corresponding to an approximate operating line.

o e B AR

The performance map for the impeller at nominal inlet guide wvane setting ‘
is shown in Figure 113. At 100% corrected speed, the maximum recorded ¢
impeller pressure ratio was 7.27 with a corrected flow of 99.97 of 5
design and an impeller efficiency of .847.

For a centrifugal compressor, an intimate relationship exists between
the internal flow structure in the impeller and the transfer of energy
to the fluid. This relationship is usually expressed as a global
value of "slip-factor", "Slip-factor" and impeller efficiency are

BRI T s w e e el et ce e
RECESRE -7 S LR

not independent but represent two aspects of the same phenomenon, the

: ability of the impeller to impart energy to the fluid. Figure 114 v

; shows a plot of the deduced slip-~factor for the tested range of the .
§ impeller. g
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Figure 115 shows the normalized static pressure versus axial distance
along the diffuser. The plot 18 continued along the center of the

: passage in the deswirl vanes and through the exit annular diffuser. The
g data shcwn represents conditions a2t the maximum pressure ratio tested for
§ 100X corrected speed and nominal setting on the inlet guide vane. The
quasi~vaneless region manifests the normal characteristics of a con-
served supersonic source vortex. At approximately 0.8 inch along the
pipe, an oblique shock Interaction causes a rise in pressure followed

i ‘ by a supersonic expansion up to the pipe inlet 1lip. A strong normal

? : shock, with a consequent sharp rise in pressure, 1is located just ahead

. : of the inlet 1lip. After the normai shock the fluid diffuses with the

‘ : usual profile for a conical diffuser,

R

, ; Figure 116 shows the effect of throttling the diffuser from deep choke to
! 0 maximum pressure ratio at 100Z corrected speed. It may be noted that

in the deep choke condition, strong shock interactions are occurring
within the conical diffuser,

Figure 117 shows a composite plot of static pressure recovery and total
pressure loss coefficient versus impeller exit absolute air angle: for
various corrected speeds, The loss coefficient shows the usual abrupt
rise as the absolute air angle is reduced. This abrupt rise corres-
ponds to choked flow.

BE S Pl o I i ks B A a il Dk il T, ot S

A wake survey at the exit of two adjacent deswirler passages at four
immersions 1is shown in Figure 118. This data was weight averaged by a
finite increment tachnique to give a discharge blockage coefficient of
0.8357 at 1007 corrected speed. The blockage coefficient is defined as
the effective flow area divided by the actual flow area., The calculation
proceeds as followe:

Mass Average Total Pressure 85.065 lb/in?
; Mean Static Pressure 84, 1 1b/in¢
. Total/S.atic Pressure Ratio 1.4
Mass Average Total Temperature 1008.2°R
Airflow ! 2,19 1b/sec
Flcw Function WT/AP 0.1158
Effective Area 7.0592 in? i
Absolute Air Angle 16.0° T
Actual Area 8.44,9 in? :
Blockage Coefficient 0.8357

-
54 T o 6 5« PTG A S o AL 3 LA TR S PG bl MR 5 e A S S A Ol S, o R

ST e A e

g

The ontliet Mach number is showm in Figure 119 for the various speed
lines at 857%, 90%, 95%, and 100% corrected sp- :d and nominal IGV setcing.

PR S

Figure 120 shows the effect of bleeding at the exit of the impeller. The
removal of approximat:ly 1.5% of the low momeutum air from either side

of the *mpeller tip shows an increase in eff’ciency. Bleeding the forward
side 1s more effective than bleeding the aft side. The latter shows
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Figure 120. Impeller Exit Bleed.

0.85 points gain in efficiency, and the former 1.3 points. The effect
does not appear cumulative. Bleeding approximately 2.0% flow from
both sides simultaneously shows 1.5 points gain in efficiency.

The effect of bleeding the intercompressor duct ahead of the impeller,
Plane B, at part speed is shown in Figure 121. A nominal bleed flow of
10% was removed. Little effect was seen on efficiency, but there was

a small change in choke flow.

The principal data taken during the test program are tabulated in the
appendix.

Analysis of Results

The operation of the test vehicle at high speeds indicated essentially
zero clearance between the impeller blades and the stationary shroud.
This region of close clearance was near the impeller exit where the
shroud contour is near vertical. There was adequate clearance at the
impeller inlet,so an increase in clearance to the design value of

0.005 in. could be accomplished by shimming the diffuser-shroud assembly

168

b L o O A e S T AT AN i 1 b Lt S b i RS A N B i

RN R TR N S A ™ D RS T T S o v R O

R

G am

2 b it




Wy SRS W S T WA Ry o

v

Ly

o AR Ol b 4

.

e od 3P

e e

4 PRI iy

R ]

TIPSRV RO T e AR BRI L e e T

78
R
1
%76
£ \‘g
-
(&)
=z
“ o7 \
(&)
: \
[V
[99]
72
3.5
o= ~!
o \
& 3.0
=
5 O 10% PLANE B BLEED
A WITHOUT PLANE B BLEED
g 2.5 O
w
o.
2.0

50 55 60 65
CORRECTED INLET AIRFLOW - %
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forward. This additional cold shim thickness would be incorporated in
all future builds of the centrifugal or combined compressor.

A comparison of the design and measured compressor performance is shown

in Table 16 for IGV settings of -5° and nominal. At -5°, the overall

stage pressure ratio was 6.089 versus the objective level of 6.033 ex-
cept at a lower level of efficiency. The measured enthalpy rise was higher
than predicted and was the reason the stage achieved the overall pressure
ratio at the lower efficiency level. The impeller inlet Mach number was
close to the design level,but the inlet relative flow angle was greater
because of the lower airflow measured during the component test. The
measured airflows were lower than design because the lower impeller effi-
clency required a larger diffuser throat area to pass the design airflow
and because the design has 3% vaneless space bleed implied in the objective
levels. The higher impeller slip factors near unity reflected this higher
enthalpy rise. The impeller slip factor is calculated from the measured
temperature rise, static pressure, and speed for a blockage coefficient of
0.9,and it is not a direct measure of the outlet tangential velocity. The
calculation does not discriminate between Euler work and such things as
frictional heating along the shroud. The source of this higher enthalpy
rise was considered paramount in determining the cause of the lower im-
peller efficiency. During the test, the Plane B bleed was opened to maxi-
mum flow to see if there were significant leakage or heat transfer ahead of
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TABLE 16.

COMPARISON OF DESIGN AND MEASURED PERFORMANCE

Reading Reading Design
Item 65 87 Point
OVERALL
IGV Setting -~ degrees from nominal -5° 0° 0°
Inlet Total Pressure - psia 14,283 14.305 36.538
Inlet Total Temperature -~ °R 533.58 534.43 704.85
Exit Total Pressure - psia 86.76 84.62 220.44
Exit Static Pressure -~ psia 86.26 84.10 218.57
Exit Total Temperature - °R 1013.7 1010.1 1265.69
Corrected Inlet Airflow -~ 1lb/sec 2.281 2,232 2.34
Actual Airflow - 1lb/sec 2.186 2.140 5.0
Corrected Speed - rpm 51787 51746 51800
Actual Speed - rpm 52524 52524 60400
Adiabatic Efficiency (total-to-total) .736 .731 .810
Adiabatic Efficiency (total-to-static) .733 .727 .805
Pressure Ratio (total-to-total) 6.089 5.928 6.033
Pressure Ratio (total-to-static) 6.054 5.891 5.982
IMPELLER
Inlet Mach No. (r = 1.77 in.) .816 777 .783
Inlet Relative Flow Angle (r = 1.77 in.) 56.1 55.2 52.3
Pressure Ratio (total-to-total) 7.713 7.222 6.850
Adiabatic Efficiency (total-to-total) .865 .838 .8838
Corrected Enthalpy Rise - Btu/lb 114.4 113.2 102.6
Temperature Ratio 1.900 1.890 1.796
Impeller Slip Factor (Cqp/Uj) .998 1.001 .91
Impeller Wheel Speed - ?t/sec 1732.6 1732.6 1992.2
DIFFUSER
Inlet Mach Number 1.354 1.370 1.265
Inlet Flow Angle - deg 73.19 72.32 71.65
Total Pressure Loss (AP/q.) 320 .270 .193
Static Pressure Recovery (4p/q.) .673 .725 .795
Exit Mach Number .092 .094 .112
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the impeller inlet. This bleed would purge the bleed cavity and reduce
shroud heat transfer. The Plane B bleed did not change the measured

slip factor, sc this possible cause was eliminated from further considera-
tion. Ano%.ior cause of high work input could be local recirculation in
the impelier tip region from separation on the diffuser inlet walls. The
impeller tip bleed was used to evaluate possible recirculation effects by
opening the forward and aft bleed. It was felt that this bleed would re-
move a significant portion of any recirculating flow. These results are
shown in Figure 122 for the test data at 95% corrected speed. Forward
bleed reduced the slip factor one point and aft bleed 1/2 point. The
effect was not cumulative, since activating both bleeds lowered the
measured slip factor one point. This small change in slip factor was
not suprising, since the impeller temperature rise is typically higher
near the shroud due to frictional effects. The higher slip factor was
about 8 points higher than design,and since bleed could affect the
measured slip factor by only one point, recirculation was not deemed a
major problem. The measured exit temperature profile was also very
uniform, so the impeller exit total temperature profile was probably
reasonably uniform.

A "data match" was carried out to evaluate the generation of entropy and
energy rise through the impeller. A reading near the design airflow at
100Z corrected speed was selected for this analysis. The measured and
calculated static pressure rise from the "data match" are shown in
Figure 123. The calculated enthalpy rise and entropy rise are shown in
Figures 124 and 125 respectively. Figure 125 indicates that 68% of the
impeller entropy rise is generated between 507 and 1007 of the meridional
shroud distance. This implies a nominal loss level in the inducer portion,
but separation or some other loss mechanism is present in the outer por-
tion of the impeller. This separation could he triggered by the prior
flow process and not by a local condition at the 50% meridional distance.
An impeller investigation was initiated as part of a related centrifugal
compressor program in order to understand more fully this basic loss
generation. This program is discussed in the "Related Centrifugal
Program" section.

The diffuser losses were higher than design as evidenced in Table 16,
but this could be related to a poor impeller exit flow quality rather
than a basic design problem within the diffuser. The higher diffuser
losses were between the impeller exit and the diffuser throat. It was
judged more important to raise the level of impeller efficiency before
considering redesign of the diffuser., The diffuser exit cone and de-
swirl vanes were consistent with other designs and did not indicate any
high loss regions. The quality of the flow at the diffuser discharge
(Plane E) was good since the outlet Mach number and blockage level were
lower than the design intent. The outlet Mach number was 0.09 versus the
design value of 0.112 (see Figure 119).
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